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FOREWORD 


This  book,  dealing  with  methods  for  the  detailed  study  of  seismicity,  is 
an  exposition  of  the  principal  results  of  the  work  of  the  Tadthikskaya  Complex 

Seismological  Expedition  (TKSE)  of  the  Institute  of  the  Jfcysioa  of  the  Earth, 
Academy  of  Sciences  USSR,  and  the  Institute  of  Seismology,  Academy  of  Sciences 
Tadzhikskaya  SSR  which  was  undertaken  in  the  years  1935  'to  1957* 

The  foundation  for  these  investigations  was  laid  by  Q.  A.  Gamburtsev,  who 
was  Chief  and  Scientific  Director  of  the  TKSE  from  the  moment  of  its  organi¬ 
zation  to  his  death  on  28  June  1955*  His  ideas  have  found  embodiment  and 
development  in  all  the  principal  aspects  of  subsequent  work  of  the  TttSK. 

A  large  body  of  scientific  workers  of  the  institutes  mentioned  took  part 
in  the  execution  of  the  described  investigations;  a  number  of  other  Ghion  and 
republic  organizations  also  participated. 

The  monograph  describes  the  seismic  apparatus  used  for  detailed  investi¬ 
gations.  It  describes  new  methods  for  the  large-scale  determination  of  the 
coordinates  of  earthquake  foci  worked  out  on  the  basis  of  experience  in  seismie 
exploration  and  detailed  methods  for  determination  of  the  structure  of  the 
earth's  crust  on  the  basis  of  earthquake  observations  by  a  network  of  stations. 
Some  results  of  these  determinations  are  given.  X&thods  are  described  for  de¬ 
termination  of  seismic  energy  whioh  allow  for  the  extremely  substantial  in¬ 
fluence  of  dissipation  and  absorption  of  energy,  expeclally  important  in  the 
epicentral  zone.  An  analysis  is  given  of  the  dependence  of  the  dominant  fre¬ 
quencies  of  oscillations  during  earthquakes  on  the  seismic  energy  of  the  focus . 
Frequency  selection  apparatus  is  described  and  some  of  the  results  derived  by 
its  use  are  presented.  The  results  of  determination  of  the  dynamic  parameters 
of  earthquake  foci  in  the  Garmskiy  region  are  given  with  the  statistical 
processing  of  the  data  derived.  Estimates  and  computations  are  given  for  the 
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parameters  of  earthquake  foci  and  displacements  in  foci  as  funotions  of  earth¬ 
quake  energy.  A  method  is  discussed  for  use  in  the  study  of  the  seismic  regime, 
and  the  results  of  the  use  of  this  method  are  applied  to  observat ional  data 
relating  to  the  seismicity  of  the  Garmskiy  and  Stalinahadskly  regions.  The 
geological  structure  of  the  Garmskiy  region  and  the  history  of  its  development 
are  examined.  In  conclusion,  a  comparison  is  made  of  the  spatial  distribution 
of  seismicity  with  the  geological-tectonic  structure  of  the  region  under  investi¬ 
gation. 

The  individual  sections  of  the  monograph  were  written  by  the  following 
personas  Introduction  and  Chapter  1,  by  I.  L.  Nersesov  and  Tu.  V.  Riznichenkoj 
Chapter  2,  by  I.  L.  Nersesovj  Chapter  3,  by  I.  L.  Nersesov  and  T.  0.  Rautianj 
Chapter  4  by  T.  G.  Rautianj  Chapter  5>  by  K.  K.  Zapol'skiy  and  V.  I.  Khalturinj 
Chapter  6,  by  V.  I.  Keylis-Borok,  L.  N.  Malinovskaya,  G.  I.  Pavlova,  and  V.  I. 
Khalturinj  Chapter  ?,  by  V.  i'.  Bune,  I.  L.  Nersesov,  and  Yu.  V.  Riznichenkoj 
Chapter  8,  by  M.  V.  Gzovskiy,  V.  N.  Krestnikov,  and  G.  I.  Reysnerj  and  Chapter  9, 
by  V.  I.  Bune,  M.  V.  Gzovskiy,  V.  N.  Krestnikov,  and  I.  L.  Nersesov. 

The  general  editing  was  done  by  Yu.  V.  Riznichenko,  who  also  wrote  indi¬ 
vidual  passages  in  various  sections  of  the  monograph. 
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IHTRODUCTIOH 


In  periods  when  soienee  is  f&ced  with  the  need  for  formulating  end  solving 
major  new  problems  or  more  effectively  solving  old  ones,  the  need  always  arises 
for  devising  new  methods  of  research  and  for  improving  those  already  existing. 
Present-day  seismology  is  at  this  stage.  Prevailing  conditions  have  imposed  on 
seismology  two  problems  of  fundamental  scientifio  and  practical  importances 
a)  the  geophysical  substantiation  and  improvement  of  methods  of  seismic  toning 
with  increasing  emphasis  on  the  role  of  a  more  objective  quantitative  approach 
and  b)  the  search  for  ways  to  prediot  strong  earthquakes.  Indeed  these  two 
problems  are  the  most  important  of  all  those  in  seismology  insofar  as  the  nation¬ 
al  economy  is  concerned. 

Both  of  these  problems,  being  of  a  complex  nature,  require  that  seismio, 
geologioal,  and  other  methods  be  employed,  theory  and  experimentation  be  applied, 
and  laboratory  and  field  observations  be  made.  But,  to  be  sure,  the  basio 
requirement  is  aystematio  and  detailied  observation  and  the  study  of  the  peculiar** 
ities  of  the  nature  of  earthquakes  directly  in  the  regions  where  they  oeour  — 
in  epicentral  tones.  The  development  and  improvement  of  the  methods  for  suoh 
research  is  the  subjeot  of  this  monograph.  The  actual  solution  of  the  two  above- 
mentioned  problems,  however,  is  beyond. its  soope. 

History  of  the  Organization  of  Research 

The  study  of  the  seismicity  of  particular  epicentral  zones  has  been  under¬ 
taken  repeatedly  by  the  seismologists  of  a  number  of  countries!  the  USSR,  the 
United  States  (California),  Japan,  and  others.  Ihe  investigations  desoribed 
here  constitute  an  organic  continuation  of  earlier  national  work  in  this  field 
in  the  direotion  of  more  detailed  study. 

The  detailed  study  of  relatively  small  areas  within  the  limits  of  indi¬ 
vidual  seismioally  active  regions  was  done  earlier  in  the  Soviet  Utoion  only 
sporadioally,  by  means  of  oonduotlng  brief  seasonal  investigations  of  an  expe¬ 
ditionary  character.  ’  Suoh  work  has  already  been  dons  for  decades,  but  the 
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number  and  scale  of  investigations  increased  substantially  after  tbs  destruc¬ 
tive  Ashkhabad  earthquake  of  1 94& • 

The  principal  objective  of  such  work  during  the  past  decade  has  been  the 
refinement  of  data  on  the  seismicity  of  individual  particularly  active  regions. 
These  data  were  used  to  explain  the  relationship  between  earthquakes  and  active 
tectonic  structures  for  the  purposes  of  seismic  zoning  and  for  making  regional 
travel-time  curves  more  precise.  These  data  are  used  by  the  network  of  perman¬ 
ent  stations  for  the  determination  of  epicenters  and  the  depths  of  earthquake 
foci,  eto. 

Examples  of  the  largest  scale  seasonal  investigations  of  this  type  include 
work  in  the  vicinity  of  Ashkhabad  and  in  western  Turtaneniva,  on  the  Akhalka— 
lakskoye  (Czhavakhetskoye )  Plateau,  and  in  the  Shemakhinsk&ya  spicentral  zone 
of  the  Caucasus,  as  well  as  in  the  Garmskaya  region  of  the  Tadzhikskaya  SSB. 
Particular  note  should  be  made  of  the  work  of  the  Garmskaya  Expedition  of  the 
Geophysical  Institute,  Academy  of  Soiencea  USSR  (later  renamed  the  Academy's 
Institute  of  the  Physics  of  the  Earth— IFZAN).  This  [expedition]  Berved  as  the 
basis  for  the  subsequent  organization  of  the  TKSE.  lbs  activity  of  the  Qarm- 
skaya  Expedition  has  been  described  in  detail  in  a  number  of  articles  and 
reports  [1  to  8]  .  The  results  of  its  scientific  activity  have  been  summed  up 
in  an  article  by  Professor  V.  F.  BonchkovBkiy,  chief  of  the  expedition  [8], 

As  a  result  of  seasonal  work,  a  type  of  apparatus  has  been  developed  which 
is  suitable  for  seismic  observations  in  epicentral  zones  (the  D.  A.  Kharin 
regional  seismographs  and  a  series  of  high-frequency  instruments  developed  by 
G.  A.  Gamburtsev  and  others).  The  so-called  correlation  method  for  the  study 
of  earthquakes — KMIZ — was  developed  on  the  basis  of  such  research.  The  accuracy 
of  interpretation  of  observations  has  been  increased  (thus,  the  acouraoy  of 
determination  of  the  hypooenters  of  looal  earthquakes  in  the  oourse  of  detailed 

^ Report s  of  the  Oarmakaya  Expedition  during  1948-1953,  in  the  archives  of 
the  Institute  of  Ibysios  of  the  Barth  of  the  Academy  of  Soienoes. 
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work  is  about  2-5  km  in  lieu  of  the  20  to  50  km  which  ie  possible  with  the  usual 
network  of  seisnio  stations).  Detailed  aeismio  maps  have  been  compiled  for 
individual  regions  (the  Bogdanovskiy  and  Shemakhinskiy  regions  in  the  Caucasus, 
western  Turkmeniya,  the  vicinity  of  Ashkhabad,  eto.).  As  a  rule,  the  only 
weak  spot  in  these  investigations  was  the  qualitative  interpretation  of  the 
results.  This  was  due  to  the  lack  at  that  time  of  developed  quantitative  oriterla 
for  selsmloity. 

Seasonal  expeditionary  investigations  were  and  still  remain  an  important 
means  for  the  study  of  the  present-day  seismic  aotivity  of  regions.  However, 
such  investigations  are  inadequate  for  the  study  of  the  nature  of  earthquakes. 

The  nature  of  this  inadequacy  is  that  in  seasonal  investigations  of  the  long¬ 
term  seiamio  prooeas  occurring  in  a  particular  region  only  a  particular  stage 
is  examined.  This  stage  is  brief  even  in  comparison  with  the  known  mean  period 
of  reourrenco  of  strong  earthquakes.  This  does  not  make  it  possible  to  syste¬ 
matically  traoe  the  development  of  the  mutually  related  seismlo  processes 
transpiring  in  the  region  in  spaoe  and  over  time  and  to  derive  a  full  idea 
concerning  the  seiamio  regime  of  the  particular  region.  This  shortcoming  can 
only  be  eliminated  by  the  organisation  of  long-term  uninterrupted  observations. 

The  continuous  study  over  time  of  earthquakes  in  individual  regions  has 
long  been  practiced  in  the  USSR  and  is  continuing,  as  is  also  true  in  a  number 
of  other  countries.  These  observations  are  made  by  regional  networks  of  seismic 
stations.  But  for  the  most  part,  the  data  from  such  networks  apply  only  to 
rather  strong  earthquakes  which  ooour  relatively  rarely.  This  makes  their  study 
difficult.  Not  only  that,  but  information  on  the  distribution  of  the  fool  of 
observed  earthquakes  in  space,  based  on  the  data  of  regional  networks  of  stations, 
is  derived  with  a  low  accuracy  whioh  is  often  inadequate  for  reliable  comparison 
with  the  regional  peculiarities  of  the  geological  structure  and  structural 
development  and  with  looal  geophysioal  fields  and  prooesses.  This  shortcoming 
can  be  eliminated  by  the  organisation  not  only  of  lont-term  observations,  but  by 
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Lore  detailed  seismic  observations  as  well 


Particular  emphasis  should  be  given  to  the  superiority  of  detailed  obser- 
bations.  These  offer  an  opportunity  to  study  not  only  the  rare  strong  earth¬ 
quakes  but  weak  earthquakes  as  well,  which  exceed  the  former  many  times  in  number. 
The  study  of  all  earthquake  events  in  a  rather  wide  range  of  energy,  including 
weak  ones,  will  in  principle  make  it  possible  to  formulate  the  problem  of  explain¬ 
ing  the  laws  which  govern  the  distribution  of  earthquakes  of  different  energies. 

In  addition,  weak  earthquakes  felt  over  small  areas  can  sometimes  serve  as  a  sort 
of  model  of  seismic  processes  of  greater  energy  which  affect  larger  areas,  nils 
makes  possible  with  reasonable  limitations  the  extrapolation  of  the  manifested 
laws.  This  method  for  the  study  of  .earthquakes  can  substantially  Bpeed  up  ths 
revelation  of  the  general  laws  governing  seismic  processes,  including  those  whioh 
are  most  important  for  practical  purposes—the  laws  governing  ths  origin  of  strong 
earthquakes. 

It  follows  with  complete  olarity  from  these  considerations  that  ths  study 
of  the  nature  of  earthquakes  requires  ths  establishment  of  a  system  of  obser¬ 
vations  which  will  permit  the  study  of  the  seismic  process  with  sufficient 
continuity  over  time  and  in  space  and  with  greater  accuracy  and  detail  and  in  a 
wider  range  of  earthquake  energies  than  is  done  by  the  usual  regional  networks 
of  seismic  stations.  These  principles  were  formulated  for  the  first  time  by 
Academician  G.  A.  Gamburtsev  in  his  report  to  a  session  of  the  Council  on 
Seismology  of  the  Academy  of  Sciences  USSR  at  Stalinabad  in  October  1953  [9-1 0], 

A  permanent  year-round  Tadzhikskaya  Complex  Seismo logical  Expedition  (TKSE) 
was  organized  in  February  1954  by  a  resolution  of  the  Council  on  Seismology  for 
the  implementation  of  the  work  program  assigned  to  it.  lfce  Institute  of  Seis¬ 
mology  of  the  Tadzhik  Academy  of  Sciences  took  part  in  the  work  of  this  expedi¬ 
tion  on  an  equal  basis  with  ths  Institute  of  the  Physios  of  the  Earth.  Groups 
of  scientific  workers  and  individual  scientists  of  other  Uhion  and  republio 
organizations  have  participated  in  individusl  phases  of  ths  work  of  ths 
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expedition.  The  collaboration  of  organizations  participating  ia  the  TKSE  has 
proven  productive  and  in  many  was  has  facilitated  the  successful  accomplishment 
of  the  tasks  which  it  has  been  assigned.  In  the  implementation  of  the  work  of 
the  expedition,  especially  during  the  period  of  its  organization,  a  great  deal 
of  assistance  was  rendered  by  the  Central  Committee  of  the  Communist  Party 
and  the  Council  of  Ministers  of  the  Tadzhikskaya  SSB.  I.  L.  Nersesov  has  been 
chief  of  the  7KS3  since  1955*  The  scientific  director  iB  Tu.  V.  Riznichenko. 

The  general  work  program  of  the  expedition,  laid  down  by  its  first  chief 
and  scientific  director,  Grigoriy  Aleksandrovich  Gamburtsev,  has  retained  its 
significance  at  all  times  since  its  formulation,  although  to  be  sure  in  indivi¬ 
dual  cases  it  has  been  repeatedly  better  defined  and  expanded.  The  overall 
objective  of  the  newly  organized  expedition  from  the  very  beginning  of  its 
activity  was  the  study  of  the  nature  of  earthquakes — their  special  character¬ 
istics  and  the  conditions  under  which  they  occur.  At  first  a  variety  of  geo- 
physical  and  geological  methods  were  employed  in  the  solution  of  this  problem. 
Later  those  methods  were  retained  which  appeared  most  promising  under  spec  if  io 
conditions.  These  methods  were  seismological  and  geologioal. 

Because  of  the  novelty  of  the  general  character  of  the  work  and  its  excep¬ 
tional  scope  (every  year  it  was  necessary  to  cope  with  several  thousand  earth¬ 
quakes  of  different  intensity  within  a  small  area),  the  workers  of  the  expedi¬ 
tion  had  to  revise  virtually  all  of  the  traditional  methods,  seismologieal 
concepts,  and  methods  used  in  observing  earthquakes  and  had  to  analyze  earth¬ 
quake  data  and  adapt  them  to  the  solution  of  new  problems.  This  revision 
ranged  from  the  elementary  concepts  of  geometric  seismics  to  the  methods  of 
earthquake  dynamics  and  statistics.  During  the  years  1955-1958  seismological 
work  was  conducted  along  the  following  linesi  1)  the  large-soale  determination 
of  the  epioenters  and  depth  of  foci  of  earthquakes  with  an  appropriate  degree 
of  accuracy,  as  well  ae  their  times  of  occurrence;  2)  the  study  of  the  structure 
of  the  media  in  which  seismio  processes  oocur;  3)  large-soale  determination  of 
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•-he  seismic  energy  of  earthquake  foci  and  study  of  the  character  of  attenua¬ 
tion  of  the  energy  of  seismic  oscillations  with  increasing  distance  from  the 
focus  in  dependence  on  geological  conditions  and  the  direction  of  propagation! 

4)  the  study  of  the  spectrum  of  oscillations  at  different  distances  from  the 
focus  under  different  conditions  and  for  earthquakes  of  different  energy; 

5)  the  determination  of  the  mechanism  of  the  earthquake  process  at  the  focus 
and  the  ascertainment  of  its  effect  at  the  surface;  6)  the  most  important 
aspect  of  the  work  of  the  expedition,  the  study  of  the  seismic  regime — ascertain¬ 
ment  and  study  of  generalized  indices  characterizing  the  totality  of  the  earth¬ 
quakes  of  a  particular  region  in  space  and  over  time. 

Geological  and  geonorphological  work  was  conducted  on  a  systematic  basis 
in  1955-1957  in  conjunction  with  seisnological  research.  The  principal  ob¬ 
jective  of  this  work  was  the  study  of  the  history  of  development  of  seismically 
active  structures  and  present-day  tectonic  movements  in  the  southern  part  of 
Central  Asia.  An  important  characteristic  of  these  investigations  was  the 
endeavor  to  characterize  tectonic  movements  quantitatively.  This  is  necessary 
for  a  constructive  and  effective  comparison  of  tectonics  with  the  quantita¬ 
tive  indices  of  seismicity. 

In  addition  to  the  execution  of  a  program  of  seismological  and  geological 
research,  the  expedition  engaged  in  work  associated  with  the  development  and 
testing  of  new  kinds  of  seismic  apparatus. 

The  results  obtained  in  all  these  fields  are  described  in  the  sections  of 
the  monograph  which  follow.  The  systematic  aspects  of  these  results  can  be  of 
interest  for  detailed  investigations  of  seismicity  not  only  in  this  and  near¬ 
by  regions  of  Central  Asia,  but  in  other  regions  of  the  Soviet  Union  as  well. 

It  is  to  be  hoped  that  these  results  will  help  in  forming  a  geophysical  basis 
of  tbs  quantitative  methods  for  seismic  zoning  which  are  now  being  worked  out  and 
will  contribute  to  the  clarification  of  the  directions  which  if  followed  may 
show  promise  of  solution  of  the  problem  of  prediction  of  the  places  and  times  of 


8 


strong  earthquake  events.  In  addition*  the  new  data  collectd  by  the  expedition* 
which  reveal  the  details  of  the  distribution  of  seismicity  in  the  Oartnekiy  and 
Stalinabadskiy  regions  of  the  T&dzhikskaya  SSH  and  in  certain  other  regions  of 
Soviet  Central  Asia*  may  prove  to  be  of  independent  interest. 


CHAPTER  1 


GENERAL  INFORMATION 

In  the  selection  of  the  Garmskiy  and  Stalinabadskiy  regions  of  the  Tad- 
zhikskaya  SSR  as  the  principal  area  for  conducting  work  on  the  detailed  study 
of  earthquakes,  the  Council  on  Seismology  was  guided  by  considerations  of  both 
a  scientific  and  practical  character.  On  the  one  hand,  it  was  necessary  to 
select  a  region  with  high  seismicity  which  would  provide  a  solution  to  the 
problems  included  in  the  program  in  the  shortest  time  possible.  On  the  other 
hand,  it  was  desirable  that  this  work  could  yield  results  useful  for  the  nation¬ 
al  economy  of  the  country,  and  in  the  immediate  future — while  the  research 
program  was  still  in  progress — without  awaiting  its  completion.  For  thie  to  be 
possible,  the  work  area  should  include  areas  which  stand  in  need  of  major  anti- 
seismic  construction  work  and  because  of  this  more  precise  and  detailed  data 
on  its  seismicity.  The  combination  of  the  two  regions  mentioned — Garmskiy  and 
Stalinabadskiy— well  satisfies  these  two  scientific  and  practical  requirements. 
The  Garmskiy  region  is  one  of  the  most  seismically  active  continental  mountainous 
regions  of  the  USSR.  Ubreover,  it  is  thinly  populated,  and  consequently  it  is 
relatively  free  of  industrial  and  other  artificial  interference.  The  area  is 
well  exposed  for  geological  investigation. 

The  region  of  the  capital  of  Soviet  Tadzhikistan — the  city  of  Stalinabad— 
and  its  environs  is  far  less  seismic  than  the  Garmskiy  region,  and  ther  is  more 
interference  to  clear  geophysical  observations.  However,  the  detailed  study 
of  its  seismicity  is  an  important  practical  problem  in  view  of  the  major  hy¬ 
draulic  engineering,  industrial,  and  housing  construction  which  is  in  progress 
or  is  planned  here.  On  the  other  hand,  the  Garmskiy  region  will  in  the  not  too 

distant  future  be  the  scene  of  hydroelectric  power  construction  work. 

Also  of  fundamental  interest  for  seismology  is  the  opportunity  of  com¬ 
paring  the  highly  seismio  Garmskiy  region  with  the  neighboring  "normally" 
seismio  Stalinabadskiy  region,  A  practical  aspect  of  this  work  was  the  poa- 
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sibility  of  application  of  several  of  the  general  laws  established,  on  the  basis 
of  the  abundant  data  from  seismic  observations  in  the  Garmskiy  region  to  the 
conditions  of  the  Stalinabadskiy  region.  It  had  been  difficult  to  derive  such 
laws  with  sufficient  clarity  in  the  latter  area  because  of  the  relative  in¬ 
frequency  of  seismic  shooks. 

Work  Area 

The  Expedition's  work  area  is  situated  in  the  central  and  western  parte 
of  the  Tadzhikskaya  SSR.  It  has  the  form  of  a  zone  extending  in  a  latitudinal 
direction  and  bounded  by  the  coordinates  38*20'  to  39*30'  N  and  68*00'  to  71*30'*;. 
(Pig.  l).  This  area  inoludes  the  following  administrative  rayonsi  Dzhirgatal'- 
skiy,  Garmskiy,  Konsomolabadskiy,  Obi-Oarmskiy,  Tadzhikabadskiy,  Payzabadskiy, 
Ordzhonikidzeabadskiy,  Stalinabadskiy,  Varzobskiy,  and  Gissarekiy.  The  capital 
of  the  republic,  Stalinbad,  is  situated  in  the  western  part  of  the  studied 
region. 
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Fig.  1.  Location  of  the  work  area  and  seismic  stations  of  TKSE  1-limitB  of 
the  work  area;  2-seismic  stations  (Boldface  numbers  refer  to  full  names  given 
in  Table  2,)j  3-earthquake  epicenters  (as  shoT/n  in  the  Atlas  of  the  Seismiolty 
of  the  USSR):  a  -  II  from  5  to  7,  b  -  !!>7j  4-focal  depth:  a  -  in  the  earth's 
crust,  b  -  under  the  earth's  crust}  5“ intensity  of  the  major  earthquakes  at  the 
epicenter  according  to  macroseismic  observations:  a  -  approximate  intensity 
of  8  to  9,  b  -  greater  than  9}  6-limits  of  the  Tadshikskaya  depression}  7- 
areas  within  the  intensity-8  isoseiBt  for  the  strongest  earthquakes)  8-year  of 
occurrence  (Parentheses  denote  repeated  events). 
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Topography 

The  greater  part  of  the  area  of  the  regions  under  study  constitute  highly 
mountainous  and  strongly  dissected  terrain,  gradually  dropping  downward  toward 
the  west,  where  the  major  mountain  ranges  are  replaced  by  low  mountains  and 
piedmont  plains.  The  Expedition's  work  area  includes  parts  of  three  of  the 
most  important  elements  of  the  relief  of  Soviet  Central  Asiat  the  Tien  Shan, 
the  Pamirs,  and  the  Tadzhikskaya  depression.  It  is  therefore  naturally  divided 
into  three  parts. 

The  first  part,  which  belongs  to  the  system  of  ranges  of  the  southwestern 
Tien  Shan,  extends  in  a  ST/-NE  zone  along  the  northern  boundary  of  the  region. 
Within  its  boundaries  in  the  east  there  is  located  the  western  tip  of  the 
Alayskiy  Hangs;  in  the  Matcha  Mountain  complex  thiB  branches  westward  into  the 
Turkestanskiy  Range  (the  more  northerly)  and  the  Zeravshanskiy  Range  (the  more 
southerly).  Elevations  in  the  Matcha  complex  and  in  the  Turkestanskiy  and 
Zeravshanskiy  Ranges  exoeed  5000  m  above  sea  level.  The  next  most  southerly 
of  the  ranges,  part  of  the  Tien  Shan,  are  the  Karateginskiy  and  Gissarskiy 
Ranges.  Both  exceed  4000  m.  The  eastern  part  of  the  Oissarskiy  Range  runs 
parallel  to  the  Karateginskiy  Range  somewhat  to  the  west  of  it;  the  former 
branches  off  from  the  eastern  part  of  the  Zeravshanskiy  Range.  The  western 
part  of  the  Gissarskiy  Range  has  a  latitudinal  orientation,  parallel  to  the 
Zeravshanskiy  Range,  The  Baysuntau  Range  gradually  drops  downward  toward  the 
southwest  from  the  western  end  of  the  Gissarskiy  Range. 

The  major  ranges  of  the  southwestern  Tien  Shan,  enumerated  above,  posses  extra¬ 
ordinarily  complex  relief.  Each  of  them  constitutes  a  system  of  ranges  and 
valleys  of  different  orientation.  The  Gissarskiy  and  Karateginskiy  Ranges  have 
the  most  complex  topography.  The  peaks  of  the  smaller  range  of  whioh  they 
consist  can  in  many  places  be  mentally  connected  by  planes  which  are  slightly 
tilted  to  the  south.  Several  of  these  Tanges  have  flat  plateaulike  tops. 
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The  Gissarskiy  and  Karateginskiy  Ranges  are  diatinctly  bounded  by  major  topo¬ 
graphic  scarps  constituting  canyon  walls  or  the  steep  slopeB  of  the  valleys  of 
large  rivers — the  Yagnob,  Sorbog,  etc. 

The  second  part  of  the  region  is  its  southeastern  corner,  constituting  a 
part  of  the  Pamirs.  This  is  the  location  of  the  Darvasskiy  Range  with  peaks 
exceeding  4000  m,  which  is  oriented  in  a  SW-NE  direction.  To  the  southeast, 
in  the  Vanchskiy,  Yazgulemskiy,  and  Akademiya  nauk  Ranges,  as  well  as  north¬ 
eastward  in  the  eastern  part  of  Petr  I  Range,  the  relief  rises  and  the  peaks 
attain  heights  of  more  than  6000  to  7000  m. 

The  third  part  of  the  region,  with  an  interior  location  with  respect  to 
the  others,  consists  of  the  major  Tadzhikskaya  intermontane  depression.  Its 
southern  half  is  located  in  Afghanistan.  Its  lowest  elevations  (300  to  600  m) 
are  found  along  the  axis  of  the  depression,  which  is  followed  by  the  Amu- 
Dar'ya  River  and  which  passes  along  the  National  boundary.  The  relief  therefore 
in  general  rises  to  the  northward,  and  the  area  constitutes  a  complex  of  broad 
valleys  separated  by  ranges  with  elevations  up  to  2000  m  and  sometimes  Bomewhat 
higher.  These  valleys  and  ranges  extend  from  south  to  north  with  a  slight 
deviation  in  a  NE-SW  direction.  On  approaching  the  Tien  Shan,  the  valleys 
become  narrower  and  the  ranges  become  broader.  About  10  to  30  km  from  the  Tien 
Shan,  the  ranges  are  sharply  deflected  northeastward  and  Join  with  one  another. 

A  zone  of  low  relief  extends  between  their  northern  ends  and  the  Tien  Shan 
and  has  a  SW-NE  orientation.  It  consists  of  a  chain  of  isolated  valleys  with 
broad  flat  floors  or  of  hilly  and  mountainous  sectors  in  which  the  peaks  attain 
lesser  elevations  than  in  the  more  southerly  and  northerly  sections.  The  valley 
of  the  Surkhan-Dar'ya  River  is  the  most  westerly  link  of  the  chain}  it  is  located 
near  the  western  boundary  of  the  Tadzhikskaya  depression,  where  it  merges  with 
the  Baysuntau  Range.  The  Oissarskaya  valley,  at  whose  center  Stalinabad  is 
situated,  is  located  farther  to  the  east  along  the  northern  boundary  of  the 
depression  where  it  merges  with  the  Baysuntau  Range.  Several  rivers  flow  through 
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this  common  valley  In  different  directions.  Thia  is  followed  by  the  valley  of 
the  headwaters  of  the  Ilyak  and  Obi-Garm  Rivers,  which  flow  in  opposite  dir¬ 
ections.  The  valley  of  the  headwaters  of  the  Vaksh  and  Surkhob,  in  which 
Garm  is  located,  is  situated  in  the  eastern  part  of  the  region  and  belongs  to 
this  same  ohain. 

I 

The  general  northward  rise  of  that  part  of  the  Tadzhikskaya  depression 
belonging  to  the  USSR  is  accompanied  by  increasing  elevations  and  intensification 
of  the  dissection  of  its  relief  from  southwest  to  northeast.  As  a  result,  the 
northeastern  corner  of  the  depression  possesses  mountainous  relief  with  abso¬ 
lute  elevations  of  4800  m;  this  is  the  western  half  of  Petr  I  Range.  The  valley 
of  the  Surkhob  region  is  situated  to  the  northwest  of  these  mountains  and  the 
valley  of  the  Obikhingou  is  situated  to  the  southeast. 

Although  the  eastern  half  of  Petr  I  Range  is  topographically  conneoted 
with  its  western  half,  it  differs  from  it  by  having  far  greater  elevations  and 
a  different  general  orientation.  It  already  constitutes  part  of  the  Pamir 
mountain  system. 

On  the  whole  the  relief  of  the  region  is  characterised  by  large  relative 
relief  and  strong  erosional  dissection;  this  makes  it  quite  inaccessible. 

These  factors,  in  combination  with  severe  continental  climatic  conditions, 
are  responsible  for  the  good  exposure  of  geological  structures. 

Some  Information  on  Tectonics 

The  tectonics  of  the  work  area  are  different  in  its  various  parts  and 
reflect  the  complex  history  of  its  geological  development.  During  the  Paleo¬ 
zoic  the  territory  of  ths  southern  part  of  Soviet  Central  Asia  constituted  a 
geosynclinal  area;  that  is,  it  possessed  great  mobility.  Then,  during  the 
Mesozoic  and  the  greater  part  of  the  Paleogene,  the  entire  territory  of  the 
work  area,  with  the  exception  of  the  Pamir  section,  constituted  part  of  an 
extensive,  less  mobile  platform  region  which  developed  after  the  Heroynlan 
teotonio  stage  (an  epi-Heroynian  platform).  A  part  of  the  region,  now  oc¬ 
cupied  by  the  present-day  Tadzhikskaya  depression,  was  distinguished  primarily 
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by  downwarping  in  comparison  with  the  less  subsident  Tien  Shan  part  of  the 
region.  The  Pamir  section  was  part  of  the  Alpine-Himalayan  geosynclinal  region 
characterized  by  high  mobility  of  the  earth's  crust. 

The  next  stage  in  the  development  of  Soviet  Central  Asia  began  at  the  end 
of  the  Paleogene,  and  this  is  continuing  at  the  present  time.  Tectonic  move¬ 
ments  again  became  extremely  intensive  over  its  entire  area.  The  southwestern 
Tien  Shan  and  the  Pamirs,  which  are  in  part  included  in  the  region  studied, 
are  being  strongly  uplifted  although  the  rate  of  movement  is  uneven  over  time 
and  varies  from  place  to  place.  The  most  important  role  is  played  by  displace¬ 
ments  of  slightly  folding  blocks  bounded  by  fractures  in  rocks  of  Paleozoio 
age.  In  the  Tadzhikskaya  depression  area  the  earth's  crust  is  in  some  places 
experiencing  downwarping,  while  elsewhere  the  process  is  one  of  uplifting, 
although  is  is  slower  than  in  the  Tien  Shan  and  the  Pamirs.  Thick  deposits 
of  Tertiary  and  Quaternary  deposits  have  therefore  accumulated  in  the  Tadzhi¬ 
kskaya  depression.  These  strata  reveal  numerous  folds  which  are  continuing  to 
develop  at  the  present  time. 

Thus,  the  three  main  parts  of  the  region  differ  from  one  another  in  relief 
and  have  different  histories  of  tectonic  movements  and  different  presant-day 
structures.  They  are  separated  by  large  zones  of  tectonic  fractures  which 
extend  to  great  depths.  Great  numbers  of  fractures  are  also  present  elsewhere. 
Because  of  this  and  alo  because  of  high  and  sharply  differentiated  mobility, 
the  entire  region  as  a  whole  is  characterized  by  high  present-day  seismicity. 

The  Most  Intense  Earthquakes 

In  seismic  respects,  the  region  selected  for  conducting  detailed  expe¬ 
ditionary  investigations  ia  a  single  unit  and  is  clearly  separated  from  the 
territories  which  surround  it. 

On  all  general  seismic  maps  it  stands  out  due  to  an  unusually  dense  con¬ 
centration  of  epicenters  of  strong  earthquakes.  Fig.  1  shows  ths  spicsntsrs 
of  strong  earthquakes  for  this  region  and  surrounding  areas  on  the  basis  of 
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data  contained  in  the  Atlas  of  Selsmlolty  of  the  USSR,  in  which  earthquakes  are 
classified  by  "magnitudes”  U.  (For  epicenters  situated  within  the  boundaries 
of  the  Expedition's  work  area,  there  is  also  indicated  the  intensity  of  earth¬ 
quakes  by  the  unit  scale.)  Here  the  epicenters  are  for  the  most  part  distri¬ 
buted  in  a  zone  which  extends  from  southwest  to  northeast  along  the  southern 
boundary  of  the  Tien  Shan.  On  the  east  it  touches  the  northern  boundary  of 
the  Pamirs.  This  zone  passes  through  Stalinabad  and  stops  150  km  to  the  south¬ 
west  of  it  and  250  km  to  the  northeast  of  it.  An  exceptionally  large  number 
of  epicenters  of  weaker  earthquakes  is  concentrated  in  this  same  zone.  The 
density  of  epicenters  decreases  in  all  directions  from  the  work  area.  The  next 
closest  concentration  of  epicenters  is  situated  far  to  the  northeast  (in  the  east¬ 
ern  part  of  the  Fergana  Valley  and  its  mountainous  borders)  and  to  the  south 
(on  the  northwestern  slope  of  the  Hindukush)  of  the  work  area.  In  the  Fergana 
concentration,  the  density  of  epicenters  of  strong  earthquakes  is  less  than  in 
the  work  area,  but  in  the  Hindukush  it  is  greater  [ll]. 

The  focal  sites  in  the  earth'B  crust  were  determined  for  all  of  the  strong 
earthquakes  in  the  area  under  study.  In  this  respect,  a  similarity  was  noted 
with  the  earthquakes  of  eastern  Fergana.  However,  the  foci  of  many  strong 
earthquakes  in  the  Hindukush  are  at  a  depth  of  2oo  to  300  km  beneath  the  earth's 
crust  and  therefore  differ  substantially  from  the  foci  in  the  work  area. 

Twelve  strong  earthquakes  have  been  recorded  in  this  region  since  the  end 
of  the  19th  century  (Table  1).  Besides  the  strong  earthquakes  enumerated  in 
Table  1,  there  also  occurred  during  this  same  period  of  time  a  great  number  of 
weak  earthquakes  with  an  intensity  of  7.6  or  less.  Their  epioenters  usually 
virtually  coinoide  with  the  epioenters  or  are  grouped  near  them. 

As  can  be  seen  from  the  list,  strong  earthquakes  have  occurred  at  intervals 
of  time  from  several  days  to  12  years.  There  are  oases  of  the  repeated  occur¬ 
rence  of  strong  earthquakes  at  the  same  plaoes  after  44  years  (Karateginskiye), 
after  13  years  (Paysabadskiye),  after  1  year  (Argankul'skiye),  several  months 
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TABLE  1.  Regional  Earthquakes  Prom  1895 


Earthquake 

Bate 

Intensity 

Magnitude* 

First  Karateginskoye 

1895 

8-9 

- 

First  Karat agskoye 

21  Sep  1907 

10 

- 

Second  Karatagskoye 

27  Sep  1907 

9 

- 

First  Fayzahadskoye 

1930 

8-9 

5  1/2 

First  Argankul ' skoye 

1934 

8-9 

6 

Second  Argankul ' skoye 

1935 

8-9 

- 

Second  Kara tag in skoye 

1939 

8 

5  3/4 

Garmskoye 

1941 

8-9 

6  1/2 

Second  Fayzahadskoye 

1943 

8-9 

6 

Khaitskoye 

1949 

10 

7  1/2 

First  Tovil'-Borinskoye 

8  Aug  1950 

7-8 

- 

Second  Tovil'-Borinskoye 

17, Nov  1950 

7-8 

- 

*11  magnitudes  after  S.  L  Solov'yev. 


(Tovil'-Dorinskiye),  and  several  days  ( Karat agskiye). 

Among  the  strong  earthquakes  mentioned,  those  which  have  received  the 
greatest  attention  are  the  Qarmskoye  and  Khaitskoye  earthquakes  and  the  group 
of  earthquakes  which  have  occurred  at  various  times  around  Stalinabad. 

The  Garmskoye  earthquake  of  20  April  1941  was  centered  with  a  maximum 
intensity  of  &  to  9  at  a  distance  of  20  km  to  the  northeast  of  Garm.  Its 
intensity  at  Garm  was  estimated  at  7  to  8.  The  territory  encircled  by  the 
isoseismal  line  for  intensity  7  occupies  an  area  of  about  4000  square  kilo¬ 
meters.  This  earthquake  was  accompanied  by  the  formation  of  fissures  on  the 
earth's  surface,  landslides,  and  rockfalls.  The  energy  of  the  main  shock 
of  20  April  1941  is  estimated  at  10'5  J  (I0li  ergs)  with  M  •  6j.  This  earth¬ 
quake  was  followed  by  many  aftershocks  during  1941  which  attained  intensities 
of  6  and  7. 

The  Khaitskoye  earthquake,  with  an  intensity  of  10,  occurred  on  10  July 
1949*  Its  energy  was  of  the  order  of  1 O'7  J  (M  »  7»5)»  It  was  preceded  by  a 
tremor  of  8  July  with  an  intensity  as  great  as  8  (M  -  5j).  The  epicenter  of 
the  Khaitskoye  earthquake  was  situated  40  km  to  the  east  of  Garm.  The  zones  of 
maximum  intensity  of  the  Khaitskoye  and  Garmskoye  earthquakes  in  part  overlap 
one  another.  During  the  Khaitskoye  earthquake  seismic  waves  caused  the  col- 
lapse  of  a  considerable  part  of  a  mountain  at  whose  foot  the  city  of  Khait  was 
situated;  it  was  destroyed.  There  were  landslides  of  unoonsolidated  soil  on 
many  slopes  in  the  vicinity  of  Khait.  Mudflows  were  formed  in  the  valleys. 

The  territory  surrounded  by  the  isoseismal  line  for  intensity  7  constitutes 
an  area  of  about  6000  square  kilometers. 

A  series  of  strong  earthquakes  has  oocurred  near  Stalinabad.  Fifty 
kilometers  to  the  west  of  the  city  is  the  epicentral  site  of  one  of  the  strongest 
earthquakes  of  Soviet  Central  Asia — the  Karatagskoye  earthquake  of  21  October 
1907 — with  an  intensity  of  10.  It  was  felt  at  Stalinabad  with  an  intensity  of 
7  to  8.  The  territory  surrounded  by  the  isoseismal  line  for  intensity  7  con- 
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stitutes  an  area  of  approximately  80,000  square  kilometers,  that  is,  close  to 
the  area  of  the  Pamirs.  At  the  same  distance  as  the  Karatagskoye  earthquake 
epicenter,  but  to  the  east  of  Stalinabad,  are  located  the  epicenters  of  the  two 
Fayzabadskiye  earthquakes  of  1930  and  1943}  these  were  of  intensity  8  to  9. 

Their  regions  of  maximum  intensity  were  small t  The  territories  bounded  by  iso- 
seismal  lines  for  intensity  7  only  constitute  about  40  square  kilometers  in 
each  case.  L!any  shocks  with  an  intensity  as  great  as  7  have  arisen  at  various 
times  at  distances  of  10  to  20  km  to  the  wouth  of  Stalinabad.  Finally,  in 
1952,  there  was  a  local  earthquake  of  intensity  7  in  Stalinabad  itself.  These 
phenomena  in  conjunction  with  the  geological  peculiarities  of  the  region  are 
considered  indices  of  the  great  seismic  danger  in  the  vicinity  of  Stalinabad. 

In  conjunction  with  the  normal  depth  of  the  foci,  the  zones  of  maximum 
intensity  of  strong  earthquakes  in  the  work  area  usually  are  of  only  insigni¬ 
ficant  length,  not  exceeding  50  km  (often  10  to  20  km)  and  are  small  in  width 
(less  than  2o  km),  the  usual  long  and  narrow  shape  of  zones  of  maximum  intensity. 

The  chief  peculiarity  of  the  seismicity  of  the  region  is  the  occurrence 
of  strong  earthquakes  predominantly  near  the  southern  boundary  of  the  Tien  Shan. 
This  is  due  to  the  fact  that  this  boundary  is  not  1 lly  orographic  but  tectonic 
as  well,  and  there  are  many  tectonic  fractures  now  developing  along  it.  One 
of  the  principal  tasks  of  the  geological  work,  forming  part  of  a  unified  complex 
with  detailed  seismic  research,  is  investigation  of  the  details  of  the  problem 
of  the  relationship  between  seismicity  and  the  pecularities  of  tectonics, 
especially  the  problem  of  seisraogenetic  zones  of  fractures  of  different  orders 
in  connection  with  their  degree  of  mobility. 

Location  of  Seismio  Stations 

The  selection  of  points  for  making  seismic  observations  in  the  Oarmskiy 
region  was  conduoted  on  the  basis  of  the  work  experience  of  the  Oarmsksya 
Expedition  in  past  years  and  in  the  Stalinabadskiy  region  on  the  basis  of 

seeking  to  determine  more  oomplete  data  on  the  seismicity  of  the  environs  of 
Stalinabad. 
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The  selected  distribution  of  observation  stations  (Fig.  1)  makes  it  pos¬ 
sible  to  solve  two  problems!  first,  the  making  of  observations  over  the  entire 
territory  which  is  situated  between  Dzhirgatal*  and  Stalinabad  as  a  whole  (work 
at  a  medium  scale),  and  second,  the  making  of  especially  detailed  observations 
in  the  small  but  most  active  region  of  this  territory,  Garm-Khait. 

Six  seismic  stations  had  been  established  in  the  Garmskiy  region  by 
October  1954:  Yaldymych,  Yangalyk,  Himich,  Chusal,  Tovil'-Dora,  and  Ishtion. 
Four  stations  in  the  Stalinabad  area  were  completed  and  began  to  operate  by 
the  end  of  December  1 954 *  Karasu,  Gissar,  Khorongon,  and  Kon-Dora.  In  addition, 
the  Garmskaya  Geophysical  Station  and  the  Dzhirgatal'  Seismic  Station  were 
transferred  to  the  control  of  the  expedition. 

In  1956  the  Yangalyk  station  was  transferred  to  the  village  of  Dzhafr 
and  the  Himich  station  to  the  neighborhood  of  Stalinabad  in  the  village  of 
Chuyangaron.  These  changes  in  the  distribution  of  stations  were  made  at  the 
request  of  the  Presidium  of  the  Tadzhik  Academy  of  Sciences  in  order  to  in¬ 
tensify  seismic  observations  in  the  vicinity  of  Stalinabad.  The  Kon-Dora 
seismic  station  was  transfered  to  the  village  of  Zimchurud  late  in  195^» 

Table  2  gives  data  on  the  code  designations  of  stations  and  the  dates 
operations  began  and  ended.  This  same  table  lists  the  stations  of  the  regional 
network  of  Soviet  Central  Asia  whose  data  have  been  used  systematically  in  the 
analysis  of  the  observations  of  the  Expedition. 
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TABLE  2.  Stations  of  the  TKSE  Network  (l-l6)  and  Nearby  Stations  of  the 
Regional  Network. 


No. 

1 

Station 

Symbol 

Period  of  Oper 
Begun 

ations 

Ended 

1. 

Gams 

Grm 

1  Jan  1949 

2. 

Yaldymych 

Yald 

1  Jan  1955 

3. 

Yangalyk 

Yang 

1  Jan  1955 

10  May  1956 

4. 

Dzhafr 

or 

20  Jul  1956 

5. 

Nimich 

Nm 

1  Jan  1955 

12  Jut  1956 

6. 

Chusal 

Che 

1  Jan  1955 

7. 

Dzhirgatal' 

Dzhg 

1  Jul  1950 

8. 

Tovil-Dora 

T-D 

1  Jan  1955 

9. 

Ishtion 

Isht 

1  Jan  1955 

10. 

Karasu 

Kr 

1  Jan  1955 

11. 

Gissar 

Ois 

1  Jan  1955 

12. 

Khoroagon 

Khr 

1  Jan  1955 

13. 

Kon-Dora 

Kh 

1  Jan  1955 

25  Jul  1956 

14. 

Cbuyangoron 

Chngr 

1  Sep  1956 

15. 

Zimehurod 

Zmch 

20  Oct  1956 

16. 

Nurek 

Nrk 

27  Sep  1956 

11  Oct  1956 

17. 

Stall nabad 

St 

- 

18. 

Obi-Carm 

Obg 

- 

19. 

Rulyab 

CL 

tm 
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Chapter  2 

SEISMOGRAPHIC  EQUIPMENT 

In  a  detailed  study  of  earthquakes,  high  requirements  with 
respect  to  maximum  sensitivity,  dynamic  range,  accuracy,  type  of 
frequency  characteristic,  identity  of  similar  instruments,  and 
economy  are  imposed  on  seismographic  equipment  In  the  epicentral 
zone. 

In  the  projects  to  be  described,  special  equipment  was  used  at 
all  stations,  and  this  equipment  was  developed  earlier  for  an  In- 
strumental  study  of  weak  local  earthquakes.  To  improve  quality  of 
registration  in  the  equipment,  certain  design  changes  and  additions 
were  introduced  during  field  trips;  in  addition  to  other  features, 
these  provided  for  simplicity  and  reliability  in  the  identification 
of  seismographic  Instruments  and  made  It  possible  to  employ  a  sim¬ 
ple  stability-control  system.  This  equipment  Is  described  In  the 
first  section  of  this  chapter.  The  second  section  describes  new  de¬ 
velopments  in  equipment,  said  developments  worked  out  in  the  field. 

The  recording  portion  of  the  equipment  must  provide  for  record¬ 
ing  resolution  making  possible  the  reliable  determination  of  time 
of  initiation  for  various  types  of  waves  as  well  as  to  carry  out  a 
correlation  of  the  vibrations.  An  important  requirement  imposed  on 
the  recording  portion  is  the  one  relating  to  recording  economy*  a 
high  coefficient  of  photographic-material  utilization,  and  a  low  co¬ 
efficient  of  electric  power  consumption. 

In  addition  to  seismographic  equipment  intended  for  direct  re¬ 
cording  of  earthquakes,  special  equipment  for  a  frequency  analysis 
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of  seismic  vibrations  were  tested  in  the  field;  this  equipment  was 
developed  by  K.  K.  Zapol'skiy.  Hie  description  of  this  equipment 
is  presented  in  the  fifth  chapter,  together  with  the  observation 
results  obtained  through  the  frequency  analysis. 

§  1.  Standard  Seismographic  Equipment 
Basic  Seismographic  Equipment 

Ihe  selection  of  equipment  is  determined  primarily  by  the  need 
for  the  proper  reproduction  (with  distortion  control)  of  soil  vi¬ 
brations  during  earthquakes  at  small  epicentral  distances.  As  this 
requirement  was  satisfied,  it  became  possible  to  resolve  problems 
relating  to  the  study  of  the  frequency  composition,  the  amplitudes, 
and  similar  dynamic  characteristics  of  vibrations.  Seismographic 
instruments  must  provide  for  the  recording  both  of  strong  as  well 
as  of  extremely  weak  earthquakes.  It  is,  for  all  intents  and  pur¬ 
poses,  impossible  to  accomplish  this  with  a  single  set  of  instruments. 
Therefore,  it  became  necessary  to  provide  several  instruments  at 
each  observation  point,  and  these  instruments  had  to  have  a  wide 
frequency  passband,  reproducing  soil  vibrations  with  small  amplitude 
distortions  within  a  wide  dynamic  range  (with  magnification  from 
10  to 

In  this  connection,  each  seismic  station  was  equipped  with  a 
set  of  VEGIK  [not  identified  in  standard  references)  seismographs  by 
means  of  which  three  or  four  components  of  shifts  in  soil  were  re¬ 
corded  (magnification  7  =  20,000),  a  less  accurate  VEGIK  channel 
(' 7  =  1000),  and  a  D.  A.  Kharin  vibrograph  (7  *  80-50). 

Hie  following  instruments,  and  these  proved  themselves  in  oper¬ 
ation,  were  selected  as  the  basic  links  in  the  receiving-recording 
channel:  the  VEGIK  seismograph,  the  GB-IV  galvanometer,  and  the  RS-II 
oscillograph.  Such  a  complex  of  instruments  is  not  heavy  nor  too  large 
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in  size,  it  is  simple  and  reliable  in  operation,  it  is  inexpen¬ 
sive,  economic  in  its  use  of  electric  power,  and  can  be  adapted 
easily  to  the  solution  of  a  wide  range  of  problems  in  regional 
seismology. 

The  VEGIK  seismograph  [ 13 }  was  selected  as  the  sensing  ele¬ 
ment  to  detect  shift.  This  choice  was  based  on  the  following  con¬ 
siderations.  Because  of  poor  magnification,  particulary  in  high- 
frequency  regions,  SGK  and  SVK  [not  Identified  in  standard  refer¬ 
ences]  [14]  were  not  suitable  for  the  recording  of  weak  earthquakes. 
On  the  other  hand,  the  GSKh  and  VSKh  [not  identified  in  standard 
references]  instruments  [15],  although  meeting  the  requirement  of 
being  able  to  record  weak  local  earthquakes,  cannot  be  used  on  an 
inclined  installation.  In  addition,  they  cost  substantially  more 
than  the  VEGIK  instruments.  Neither  could  the  KMIZ  [not  identified 
in  standard  references]  equipment  [16]  be  used  in  the  given  inves¬ 
tigations,  because  it  was  impossible  to  carry  out  continuous  re¬ 
cording  of  earthquakes  over  extended  periods  of  time  at  moderate  ex¬ 
penditures  of  manpower  and  resources. 

According  to  its  parameters,  the  VEGIK  is  similar  to  the  VSKh, 
but  its  dimensions  are  smaller  and  it  weighs  less.  The  VEGIK  may  be 
used  in  its  horizontal,  inclined,  and  vertical  versions.  Depending 
on  the  supporting  and  coil  springs  used,  the  proper  period  of  the 
seismograph  may  vary  within  wide  limits,  ranging  from  0.5  sec  to 
3-4  sec.  The  seismometer  (seismograph)  is  damped  electrodynamically. 
The  design  data  for  the  Instrument  are  as  follows:  length,  30  cm; 
width,  14  cm;  height,  12  cm;  total  weight,  8.0  kg;  weight  of  inert 
mass,  1.5  kg;  reference  length,  9.4  cm;  distance  from  axis  of  rota¬ 
tion  to  center  of  coll,  17.0  cm;  magnetic-field  strength  in  the  gap 
of  the  magnet,  approximately  3000  oersteds.  The  instrument  has  three 
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coils  situated  in  the  cylindrical  gap  of  the  magnet.  One  of  the 
coils  is  used  for  purposes  of  recording,  the  other  for  damping,  and 
the  third  for  the  excitation  of  pendulum  oscillations  in  the  daily 
checking  of  the  equipment. 

At  first  (January  1955  to  June  1956)  the  VEGIK  seismographs 
were  used  as  a  four- component  inclined  (45°)  azimuthal  installation 
[17,  18 ] .  From  the  second  half  of  1956  on,  the  azimuthal  installa¬ 
tions  were  replaced  with  three- component  units  (North  to  South, 

East  to  West,  and  vertical  [ Z ] ) . 

Individual  stations  had  additional  seismographic  units:  gener¬ 
al-type  seismographs  (SGK  and  SVX)  —  the  stations  at  Garm  and  Dzhir- 
gatal1;  there  were  mechanical  seismographs  (SMR-II  and  SRZ  [not  iden¬ 
tified  in  standard  references])  employed  at  the  stations  at  Garm  and 
Chusal.  In  addition  to  these  permanent  installations,  the  stations 
employed  other  types  of  seismic  receivers  during  various  periods  of 
recording  —  the  MPS-1,  the  VSN  [not  identified  in  standard  referen¬ 
ces],  etc. 

The  GB-IV  galvanometer,  used  by  the  expedition,  is  somewhat 
different  from  the  standard  model  described  in  the  literature  [19]. 
The  magnetic  gap  of  this  galvanometer  is  expanded,  and  the  width 
of  the  frame  has  been  Increased  (up  to  2  mm),  and  the  mirror  sur¬ 
face  has  been  increased  substantially  (1.5  x  3  mm).  These  changes 
have  made  it  possible  to  reduce  the  natural  frequency  of  the  gal¬ 
vanometer,  to  reduce  its  sensitivity  to  external  tremors,  and  to 
employ  a  weaker  light  source.  All  of  the  galvanometers  are  placed 
within  a  common  permanent  magnet,  a  GB-9  or  a  GB-12  block  [20], 
which  makes  it  possible  to  carry  out  recording  simultaneously  over 
nine  or  twelve  channels,  respectively. 

The  frequency  characteristic  of  a  system  with  selected  values 
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for  seismograph  and  galvanometer  constants  is  almost  flat  within 
a  range  of  1.5  to  50  cps.  This  provides  a  sufficiently  precise  re¬ 
production  of  a  shift  in  soil,  within  the  limits  of  the  frequencies 
generally  encountered  in  the  recording  of  local  tremors  (see  Chap¬ 
ter  5).  The  flatness  of  the  characteristic  substantially  facilitates 
and  makes  more  reliable  the  strength  (energy)  classification  of  the 
tremor.  A  standard  frequency  characteristic  for  the  instrument  set 
is  shown  in  Fig.  2.  The  calculation  of  the  frequency  characteristics 
and  their  identification  were  carried  out  according  to  the  method 
described  in  reference  [153-  The  absolute  magnification  of  the 
channel  was  (2.0  —  2. 5)* 10^  at  the  stations  of  the  Garm  District 
[rayon]  and  somewhat  lower  (1.2  —  1.5)' 10^  at  the  Stalinabad  Sta¬ 
tions.  The  latter  is  attributed  to  the  high  level  of  interference 
in  the  Stalinabad  District. 


Fig.  2.  Typical  frequency  character¬ 
istics  of  seismic- re cording  devices. 

1)  Mechanical  seismograph,  SMR-II; 

2)  Kharin  vibrograph;  3)  Kirnos  [sic] 
seismograph  (SGK)  [seismograph  Kirnos] 
k)  shunted  VEGIK;  5)  standard  VEGIK; 

6)  Kharin  seismograph  (GSKh);  7)  MPS- 
-I  seismograph}  a)  100  cps. 


We  must  bear  in  mind  that  the  above  discussion  involved  fre¬ 
quency  characteristics  for  stationary  processes.  The  characteris¬ 
tics  for  a  transitional  regime  differ  quite  substantially  from 

these.  For  example,  for  the  first  maximum  the  amplitude  distortions 
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l)  Parameter;  2)  seismograph;  3)  galvano¬ 
meter;  4)  natural  frequency,  cps;  5)  at¬ 
tenuation  constant;  6)  moment  of  inertia, 
kg-m  ,  7)  resistance  of  operating  coil, 
ohm;  8)  resistance  of  attenuation  coil,, 
ohm;  9)  current  constant  of  operating  coll, 
amps/mm/m;  11 )  coefficient  of  attenuation, 
ohm;  12)  coefficient  of  attenuation,  ohm; 

13)  coupling  coefficient  of  the  system;  14) 
magnification  (amplification)  of  the  system. 


may  reach  as  high  as  60  per  cent.  For  all  intents  and  purposes, 
it  is  only  with  the  third  maximum  that  the  oscillation  amplitude 
begins  to  correspond  to  the  calculated  amplitude. 

As  an  example  of  constants  for  the  system  employing  the 
VEGIK  seismograph  and  the  GB- IV galvanometer,  used  at  a  conventional 
seismic  station  such  as  used  by  the  TKSE  [Tadzhik  Integrated  Seis- 
mological  Expedition],  we  will  present  these  values  (Table  3)  for 
the  Z-component  channel  of  the  station  at  Tovil’-Dor. 

p 

Small  values  of  the  coupling  factor  a  enhanced  the  correct 
reproduction  of  soil  vibration  [21]. 

As  was  pointed  out  above,  for  purposes  of  expanding  the  dy¬ 
namic  range,  a  MPS-1  seismograph  (V  =  2*10^),  D.  A.  Kharin's  vibro- 
graph,  a  VEOIK  seismograph  (V  •  10^)  coarsened  by  a  factor  of  20, 
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and  the  logarithmic  device  by  A.  N.  Vetchinkin  were  used  In  addi¬ 
tion  to  the  VEGIK  seismograph.  The  total  dynamic  range  of  the  above- 
enumerated  instruments  reaches  10^. 

A  MPS-1  seismograph  [22]  with  a  natural  frequency  of  11  cps 
and  low  attenuation  was  connected  to  the  GB-IV  galvanometer  whose 
natural  frequency  is  20-25  cps.  This  channel  exhibited  a  sharp- 
resonance  characteristic  with  magnification  of  7  =  200,000  in  a 
narrow  frequency  band  of  20-30  cps.  This  band  was  intended  for  the 
recording  of  extremely  weak  and  nearby  tremors.  In  practice,  it 
turned  out,  however,  that  this  channel  did  not  provide  the  necessary 
quality  of  recording,  and  because  of  the  sharp- resonance  character¬ 
istic  its  effective  magnification  was  less  than  nominal.  Therefore, 
after  a  year  and  a  half  (January  1955-June  1956)  the  use  of  this 
channel  was  curtailed. 

For  the  recording  of  strong  tremors  (up  to  6  points)  all  sta¬ 
tions  have  been  provided  with  vlbrographs  employing  the  D.  A.  Khar- 
in  system  (VKh)  [Kharln  vibrograph].  This  vertical  pendulum  has  a 
natural  period  of  about  1. 5  seconds  and  an  attenuation  constant  of 
=  0.6.  This  device  Is  connected  to  the  GB-III  galvanometer 
whose  natural  period  is  0.3  sec,  and  the  attenuation  constant  D2  =  10. 
Both  the  seismograph  and  the  galvanometer  are  extremely  stable  with 
respect  to  external  vibration.  The  total  magnification  of  this  unit 
is  50  to  80  in  the  frequency  range  from  0.7  to  3  cps,  predominant 
(see  Chapter  5)  in  the  spectrum  of  perceptible  earthquakes. 

Since  there  is  a  substantial  discontinuity  between  the  magnifi¬ 
cation  of  the  VEGIK  channel  and  the  VKh  vibrograph,  all  stations 
Introduced  an  intermediate  magnification  of  the  order  of  1000.  For 
this  purpose,  one  of  the  attenuation  colls  from  the  VEGIK  was  con¬ 
nected  by  means  of  a  shunt  to  the  GB-IV  galvanometer.  The  light 
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beam  from  this  galvanometer  impinges  on  a  narrow  screen  installed 
on  the  recording  lens.  In  the  case  of  small  soil-vibration  ampli¬ 
tudes,  this  component  produces  no  recording.  With  larger  amplitudes, 
however,  where  the  recording  of  the  basic  channels  cannot  be  seen 
(washed  out),  the  coarsened  channel  may  be  used  to  determine  the 
necessary  kinematic  and  dynamic  recording  features.  Examples  of 
earthquake  records  by  means  of  the  coarsened  channel  are  shown  in 
Pig.  62,  Chapter  5« 

The  frequency  characteristics  of  all  seismic-recording  equip¬ 
ment,  used  by  the  expedition,  are  shown  in  Pig.  2. 

In  order  to  expand  the  dynamic  range  of  one  set  of  Instruments, 
an  attempt  was  made  to  use  an  electron-tube  amplifier  whose  quies¬ 
cent  point  was  situated  in  the  nonlinear  portion  of  the  character¬ 
istic.  This  amplifier,  suggested  by  A.  N.  Vetchinkin  and  called 
"logarifmator '  [sic],  was  connected  between  the  sensing  element 
and  the  galvanometer.  The  quiescent  point  of  the  amplifier  was  sel¬ 
ected  so  that  the  small  amplitudes  would  not  be  distorted,  and  the 
large  amplitudes  would  be  recorded  proportionally  to  their  logarithms. 
A  specimen  of  earthquake  records  by  means  of  and  without  a  "logari¬ 
fmator  '  is  presented  in  Pig.  3*  By  means  of  the  "logarifmator,"  the 
dynamic  recording  range  is  expanded  up  to  1000,  and  this  substantial¬ 
ly  exceeds  the  possibilities  of  conventional  photographic  recording. 

A  shortcoming  of  this  instrument  is  the  somewhat  low  change  in  am¬ 
plitude  recording  of  large  vibration  amplitudes,  as  a  result  of 
which  it  proved  to  be  impossible  to  use  these  earthquake  records 
(produced  with  the  "logarifmator")  for  dynamic  problems.  The  presence 
of  a  radio  circuit  in  the  seismograph-galvanometer  link  reduced  the 
stability  of  the  set  and  increased  the  quantity  of  electric  energy 
consumed.  Therefore,  after  a  number  of  months,  recording  by  means 
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fig.  3.  Recording  examples  of'  same  tremor, 
a)  straight- line  recording;  b)  logarithmic 
recording. 


of  the  "logari fmator"  was  curtailed.  Nevertheless,  it  should  be 
stressed  that  for  purposes  of  observations  In  which  only  the 
kinematic  recording  elements  are  employed,  this  instrument  is  of 
definite  interest. 

The  recording  system  is  based  on  the  use  of  Ro-TI  station  re¬ 
corders.  However,  in  comparison  to  a  conventional  model,  the  re¬ 
lationship  between  the  pinions  in  the  head  of  the  clock  mechanism 
were  changed  so  that  the  guide  pinions,  designed  in  a  standard 
head  for  a  speed  of  120  mm/min,  the  clock  mechanism  runs  down  at 
240  mm/min.  The  pitch  of  the  lead  screw  was  reduced  to  0. 5  mm. 

Using  photographic  paper  28  cm  wide  it  is  possible  to  record  four 
components  in  a  period  of  eight  hours.  The  optical  recording  system 
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involves  autocollimation  [23],  and  the  distance  between  the  gal¬ 
vanometer  and  the  recorder  is  600  mm. 

To  resolve  certain  special  problems  associated  with  the  study 
of  O3eillation  spectra  during  earthquakes,  as  well  a3  with  a  study 
of  the  features  encountered  In  recording  shapes,  particularly  with 
respect  to  various  ground  conditions,  recording  devices  were  employed 
in  which  the  "running- down"  speed  was  increased  to  36  mm/sec.  A  re¬ 
cording  in  this  manner  is  either  carried  out  in  short  intervals  of 
time  (two  hours)  or  the  device  is  turned  on  only  at  the  instant  that 
the  earthquake  takes  place.  In  the  latter  case,  the  first  entries 
on  the  record  are  lost. 

Auxiliary  Equipment 

MGPA.  For  purposes  of  monitoring  the  frequency  characteristics 
of  channels  and  to  check  their  identity,  we  make  use  of  a  magnetic 
constant-amplitude  oscillator  (MGPA)  [24].  This  device  Is  connected 
to  the  third  coil  winding  of  the  seismograph.  Moreover,  there  may 
be  an  irregular  pulse  on  this  coll.  During  the  monitoring  process, 
all  auxiliary  coils  of  the  seismographs  being  checked  are  connected 
in  series. 

A  MGPA  recording  is  shown  in 
Fig.  4.  The  frequency  characteristic 
of  the  channel  can  be  constructed 
from  this  recording  [25].  Once  a  day, 
the  MGPA  signal  is  transmitted  to  the 
tape.  In  addition,  in  the  case  of  azi¬ 
muthal  observations,  channel  identity 
if  verified  by  setting  up  all  of  the 
instruments  on  the  same  azimuth,  and 
this  is  done  for  two  to  three  days 


Fig.  4.  Recording  specimen 
of  MGPA. 
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Fig.  6.  Main  control-panel  circuit,  n)  Millianuneter  in  galvanometer- 
light  source  circuit;  M)  DGTs  bridge  for  time-signal  rectification; 
K)  "start"  and  "stop"  buttons;  Y1 )  general  switch;  V2)  "emergency" 

signal  switch;  receiver-signal  switch;  )  signal  light  of  time 
marker;  L^)  emergency  signal  light;  )  rheostat  control  of  galvan¬ 
ometer  light  filament;  Rg)  rheostat  to  extinguish  time  marker;  P., ) 

time-marker  relay;  P9)  "emergency"  signal  relay;  terminals;  1,2)  am¬ 
plifier  output  of  time-signal  receiver;  3,4)  "emergency"  signal  out¬ 
put;  3,5)  to  pendulum  post  of  recorder;  6,7)  to  chronometer;  8,9)  to 

U  . 


(Key  to  Fig.  6  confd) 

galvanometer  light;  9,10)  to  overillumination  device;  9? 11) 
battery  terminals.  ; 


common 


Fig.  7.  Brightness-amplifier  circuit,  l)  GB-3; 
2)  FU-2;  3)  MN-3;  U)  RP-5;  5)  DGTs. 


each  month  (Fig.  5). 

The  control  panel  of  a  seismic  station  (Fig.  6).  Hie  following 
operations  can  be  handled  from  a  control  panel:  l)  time  markings 
are  provided  by  a  minute  contact  chronometer;  2)  the  light  filament 
can  be  controlled;  3)  the  extinguishing  of  the  light  channel  can 
be  controlled  at  the  instant  of  time  marking;  4)  filament  voltage 
is  monitored  by  means  of  a  special  receiver  for  the  Internal  time- 
marking  system;  5)  a  "Rodina"  radio  receiver  is  used  to  transmit 
precise  time  signals  to  the  tape;  6)  an  audiosignal  can  be  sent 
in  case  of  an  operating  malfunction  of  the  station  (stoppage  of 
recorder  or  burning  out  of  light  bulb);  7)  automatic  switching. on 
and  off  of  the  special  receiver  by  means  of  the  minute  chronometer; 
8)  the  time-marker  relay  can  be  shut  off  during  adjustments  for  the 
special  receiver. 

Each  station  was  equipped  with  a  "Rodina"  radio  receiver  and 
a  special  receiver  for  the  reception  of  telegraphic  time  signals 
from  the  expedition  base. 
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The  overillumination  device.  To  improve  recording  quality, 
all  stations  were  equipped  with  special  photoelectric  devices, 
amplifying  the  brightness  ojc  the  light  source,  when  the  oscilla- 

t 

tion  amplitude  on  the  recording  exceeds  a  particular  value.  The 
circuit  of  such  a  brightness  amplifier  is  shown  in  Fig.  7.  This 
device  operates  in  the  following  manner:  the  light  from  a  special 
light  source  impinges  on  one  of  the  operating  galvanometers  at  an 
angle  different  from  the  angle  produced  by  the  basic  light  source; 
from  the  operating  galvanometer  the  light  is  reflected  to  a  narrow 
screen  that  has  been  installed  in  front  of  the  FEU-2  photo  copier. 
When  the  oscillation  amplitude  reaches  the  point  at  which  the 
light  moves  beyond  the  limits  of  the  screen  and  impinges  on  a 
photocell,  the  circuit  is  actuated  and  switches  on  an  auxiliary 
ligh-source  power  supply.  With  sufficiently  great  oscillation  am¬ 
plitudes,  the  switching  lag  for  the  entire  device,  on  the  average, 
comes  to  0.1  to  0.3  sec.  Specimens  of  corresponding  recordings  of 
seismic  vibrations  are  shown  in  Fig.  62,  Chapter  5* 

Time  Service 

Seismic  expedition  stations  maintain  a  time  service  through 
the  employment  of  MKh-1  marine  chronometers  that  have  a  minute 
contact.  At  least  five  acurate  time  signals  were  received  daily. 
Thanks  to  the  excellent  thermal  insulation  and  periodic  checking 
of  the  chronometers,  the  rate  was  accurate  to  within  0.2  to  0.5  sec 
per  day. 

As  a  rule,  the  error  in  the  reading  of  absolute  times  for  the 
initiation  of  seismic  waves  does  not  exceed  0.2  to  0.3  sec.  The 
primary  factors  responsible  for  reduced  time- reading  accuracy  are 
variations  in  chronometer  rate  and  nonuniformity  of  recorder  rate. 

In  order  to  Increase  time-determination  accuracy,  an  Internal 
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time  service  was  set  up.  An  MRK-0.5  radio  station  was  set  up  at 
the  expedition  base  to  transmit  precice-time  signals.  The  signals 
were  transmitted  only  during  daylight  hours,  since  at  night  the 
passage/ of  radio  signals  was  generally  extremely  poor. 

Tne  circuit  functioned  in  the  following  manner.  The  basic 
chronometer  at  the  Garm  station  actuated  a  secondary  clock.  The 
contact  device  of  the  secondary  clock  was  regulated  so  that  on  the 
29th  minute  of  each  hour  a  motor  was  actuated,  which  in  turn  act¬ 
uated  a  disc  on  which  the  call  letters  of  the  radio  stations  had 
been  recorded.  At  the  same  time,  a  power  relay  switched  on  the 
transmitter.  On  the  30th  minute,  the  transmission  of  the  call 
letters  was  stopped  and  the  secondary  clock  actuated  the  second 
chronometer.  Breaks  in  chronometer  contact  were  transmitted  for 
periods  of  50  sec.  An  extended  break,  corresponding  to  the  begin¬ 
ning  of  a  minute,  served  as  a  mark  for  all  stations.  After  the 
transmission  of  the  signal,  the  radio  station  was  shut  down.  The 
second  chronometer  of  the  radio  station  was  checked  against  the 
precise-time  signals.  Two  minutes  prior  to  the  transmission,  the 
minute  chronometer  at  the  seismic  stations  was  used  to  start  up 
the  telegraphic  receiver,  tuned  to  the  transmitting  radio  station. 
The  transmitted  signals  were  picked  up  on  tape.  Although  the  trans¬ 
mission  of  signals  was  not  always  satisfactory,  in  many  instances 
the  recording  was  sufficiently  good  and  made  it  possible  to  deter¬ 
mine  reliably  the  kinematic  characteristics  of  the  earthquake,  to 
an  accuracy  of  up  to  0.05-0.1  sec.  A  comparison  of  the  recordings 
of  this  internal  signal  against  the  chronometer  rate  determined 
in  accordance  with  the  precise-time  signals,  indicates  that  the 
difference  rarely  exceeded  +0.1  sec. 

Prom  1956,  the  internal  precise-time  radio  service  no  longer 
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functioned,  since  it  was  a  rather  laborious  measure  to  maintain, 
and  there  was  doubt  as  to  whether  it  was  justified  in  terms  of  the 
comparitively  small  refinement  of  the  earthquake  observation  mater¬ 
ial. 

The  experience  gained  in  the  utilization  of  the  typical  seis- 
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mic  and  auxiliary  equipment  used  by  the  expedition  for  a  period  of 
two  years  demonstrated  that  the  equipment  is  sufficiently  reliable 
and  operationally  convenient  and  more  suitable  for  the  solution  of 
problems  dealing  with  regional  seismology  than  had  been  the  case 
with  the  equipment  generally  used  at  regional  seismic  stations  in 
the  USSR. 

§  2.  Development  of  New  Equipment 

In  conventional  earthquake  recording,  the  greater  part  of  the 
photographic  paper  is  expended  not  on  the  recording  of  earthquakes, 
but  on  the  anticipation  of  earthquakes.  Therefore,  the  thought 
naturally  arises  that  it  would  be  expedient  to  develop  an  automatic 
device  to  switch  on  the  recording  unit  at  the  Instant  that  the 
seismic  vibrations  are  initiated. 

The  direct  solution  of  the  problem  —  the  switching  on  of  the 
recorder  motor  at  the  instant  that  the  first  seismic  waves  are 
received  —  cannot  be  satisfactorily  achieved  because  of  the  lag 
that  Is  inherent  in  any  mechanical  system,  and  the  beginning  of 
the  record  in  this  case  will,  of  necessity,  be  lost. 

One  of  the  realistically  attainable  solutions  to  the  problem 
of  automatically  switching  on  the  recording  unit  in  sufficient 
time  is  the  use  of  memory  cells  for  the  preliminary  recording  of 
seismic  vibrations,  in  order  to  "delay"  them,  with  the  subsequent 
reproduction  of  the  vibrations  (oscillations)  oscillographlcally 

at  any  desired  recorder  speed.  Such  memory  cells  may  be  based  on 
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the  use  of  magnetic  recording. 

Equipment  based  on  this  principle  has  already  been  in  regular 
use  for  approximately  10  years  for  special  seismological  investiga¬ 
tions  in  Vituotersrand  [Witwatersrand ]  (South  Africa).  This  equip¬ 
ment  was  used  for  the  precise  determination  of  tinpe  and  point  of 
origin  of  a  tremor,  similar  to  a  nearby  earthquake,  and  we  have 
reference  here  precisely  to  the  underground  blasts  that  take  place 
in  regions  of  deep  gold-bearing  mines.  A  description  of  the  equip- 
ment  is  given  in  article  [26]  and  in  a  series  of  other  reports. 

We  would  point  out  that  this  equipment,  in  addition  to  its  use 
for  the  purposes  for  which  it  was  originally  intended,  also  makes 
up  part  of  the  automatic  station  complex  used  for  deep  seismic 
soundings  of  the  earth's  crust.  In  this  case,  seismic  field  sta¬ 
tions  are  set  up  some  400  to  500  km  from  the  epicentral  zone  of 
the  underground  blasts  which  the  stations  use.  Equipment  based  on 
the  principle  of  magnetic  memory  is  also  used  in  Japan  [27]  for 
the  recording  of  nearby  earthquakes. 

The  operating  principle  of  such  equipment  involves  the  fol¬ 
lowing.  The  basic  unit  is  a  uniformly  moving  ring  made  of  ferro¬ 
magnetic  tape.  The  recording  and  play-back  heads  are  set  up  at 
some  distance  from  each  other  along  the  tape  channel.  Electrical 
oscillations,  subject  to  delay  for  a  predetermined  interval  of 
time,  are  transmitted  to  the  recording  head  and  correspondingly 
magnetize  the  recording  carrier  -  the  ferromagnetic  tape.  After 
a  given  interval  of  time,  determined  by  the  distance  between  the 
heads  and  the  speed  of  the  recording  carrier,  these  oscillations 
are  picked  up  from  the  play-back  head.  With  continued  forward 
motion,  the  recording  on  the  tape  is  removed  by  means  of  the 
erase  head  and  the  tape  is  again  ready  to  record  and  "remember" 

the  subsequent  oscillations.  Thus  we  obtain  an  unbroken  delay  cycle 
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for  all  of  the  oscillations  that  arrive  at  the  recording  head.  • The 
delay  time  (memory)  Is  set  to  be  somewhat  higher  than  the  time  re¬ 
quired  to  establish  the  operating  regime  of  the  recorder  whose 
mechanism  is  started  at  the  Instant  that  the  first  oscillation  ar- 
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rives  at  the  recording  head.  As  a  result,  the  entire  process  will 
be  recorded,  and  its  beginning  will  not  be  lost  on  the  record. 

The  following  technical  requirements  were  taken  into  consider¬ 
ation  in  the  design  of  this  equipment:  the  frequency  range  -  from 
7  to  20  cps  (preferably  from  2  cps);  dynamic  range  (i.e.,  the  ratio 
between  maximum  reproduced  signal  and  installation  noises)  -  40  db; 
nonlinear  distortion  not  to  exceed  10^j  a  chronometer  second  mark¬ 
ing  must  be  provided;  the  installation  must  operate  from  the  VEGIK 
vibrograph  to  the  loop  oscillograph;  the  number  of  channels  is  6, 
including  the  time-marker  channel;  the  installation  must  consume  a 
minimum  quantity  of  energy. 

The  utilization  of  a  magnetic  memory  cell  requires  the  mag¬ 
netic  recording  and  reproduction  of  electrical  oscillations  of 
seismic  frequencies,  lying  in  the  infrasonic  range.  However,  in 
the  case  of  magnetic  recording,  the  emf  induced  in  the  play-back 
head  is  directly  proportional  to  the  frequency,  as  a  result  of 
which  it  becomes  so  small  in  the  case  of  the  direct  reproduction 
of  the  seismic  oscillations  that  it  is  extremely  difficult  to 
amplify  the  signals.  Moreover,  a  certain  measure  of  complexity  is 
encountered  in  correcting  the  frequency  characteristic  of  the  re¬ 
production  amplifier  as  a  result  of  the  need  to  raise  it  substan¬ 
tially  in  regions  of  low  frequencies. 

For  the  recording  and  reproduction  of  infrasonic  frequencies, 
we  generally  employ  methods  based  on  the  conversion  of  infrasonic 
oscillations  into  oscillations  at  higher  frequencies,  and  these  can 
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be  recorded  and  reproduced  easily  by  conventional  methods  of  mag¬ 
netic  recording.  This  conversion  can  be  reduced  to  the  modulation 
of  the  carrier  frequency  by  means  of  infrasonic  oscillations.  For 
this  purpose,  the  received  signal  is  transmitted  to  the  input  of 
the  modulator  where  the  carrier  frequency  from  the  oscillator  is 
modulated  by  the  input  signal.  The  resultant  modulated  oscillations 
are  recorded  on  the  ferromagnetic  tape.  On  reproduction,  the  emf 
developing  on  the  winding  of  the  play-back  head  are  amplified,  and 
the  initial  signal  is  separated  after  rectification  from  the  mod¬ 
ulated  oscillations. 

In  the  described  design,  a  method  of  frequency  modulation  was 
employed  in  which  the  carrier  frequency  is  changed  as  a  result  of 
the  seismic  signal.  These  frequency  changes  are  directly  propor¬ 
tional  to  the  magnitude  of  the  modulation- signal  amplitudes. 

A  drum  mechanism  was  used  as  the  magnetic  memory  cell.  This 
drum  mechanism  Is  a  freely  rotating  massive  brass  drum  covered 
with  a  ferromagnetic  layer  on  its  outer  surface.  Ihe  recording  and 
play-back  heads  are  placed  a  short  distance  from  the  ferromagnetic 
layer  by  means  of  adjustment  screws,  but  the  heads  never  come  In¬ 
to  contact  with  the  ferromagnetic  layer.  The  ferromagnetic  layer, 
applied  by  galvanization,  is  a  layer  of  cobalt  7M-  thick,  without 
seams  or  splices,  and  it  therefore  produces  no  pulse-like  Inter¬ 
ference.  The  uniformity  of  the  linear  motion  of  the  surface  of  the 
massive  drum  with  respect  to  the  heads  is  sufficiently  great,  par¬ 
ticularly  in  the  case  of  the  oil  shock  absorber  used  in  the  mechan¬ 
ism;  the  energy  used  on  the  rotation  of  the  drum  is  sufficient  on¬ 
ly  to  overcome  the  friction  in  the  bearings  and  in  the  present  de¬ 
sign  does  not  exceed  1  watt.  Ihe  basic  difficulty  in  the  utiliza¬ 
tion  of  the  drum  mechanism  is  the  fabrication  of  the  drum  itself 
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to  the  high  degree  of  precision  required.  For  satisfactory  opera¬ 
tion,  it  is  necessary  for  the  distance  between  the  recording  car¬ 
rier  and  the  heads  (the  eccentricity)  to  change  by  no  more  than 
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As  a  result  of  the  theor¬ 
etical  and  experimental  work 
that  was  carried  out,  a  circuit 
and  design  was  worked  out  for 
the  radio- technical  portion  of 
the  installation,  said  section 
consisting  of  a  frequency  modu¬ 
lator  and  demodulator.  The  basic 
modulator  link  is  the  so-called 
sweep  oscillator.  This  is  an 
oscillator  of  sinusoidal  oscil¬ 
lations,  the  frequency  of  the. 
first  harmonic  of  which  depends  on  the  amplitude  of  the  transmitted 
seismic  signal.  The  output  stage  of  the  oscillator  is  connected  to 
the  recording  head  and  the  voltage  taken  from  the  play-back  head  is 
passed  on  to  an  amplifier-limiter  and  then  to  the  demodulator.  The 
output  stage  of  the  demodulator  is  loaded  on  the  galvanometer  of 
the  oscillograph  through  the  transformer. 

The  testing  of  the  first  experimental  specimen,  developed  and 
designed  by  A. N.  Vetchinkin  and  G. I.  Aksenovich,  was  carried  out  in 
Garm  and  produced  satisfactory  results.  Figure  8  shows  an  example  of 
an  earthquake  record  produced  by  an  installation  with  magnetic  memory 
We  can  depend  on  the  fact  that  this  design  will  serve  as  the 
basis  for  the  future  development  of  automatic  seismic  stations. 


Fig.  8.  Example  of  seismogram 
obtained  by  means  of  magnetic- 
memory  equipment. 


Chapter  Three 

STRUCTURE  OP  EARTH'S  CRUST  AND  METHOD  OF  PROCE*SSING 
SEISMIC  OBSERVATIONS 

The  structure  of  the  Earth's  crust  was  studied  in  the  regions 
in  which  the  expedition*  was  operating  in  order  to  resolve  two 
problems. 

The  first  problem  involved  the  possibility  of  providing  a 
method  for  the  reliable  and  sufficiently  accurate  determination 
of  the  coordinates  for  earthquake  foci.  This  determination  is,  in 
practical  terms,  possible  only  with  a  sufficiently  clear  idea  of 
the  structure  of  the  medium  in  the  region  being  studied,  of  the 
thickness  of  the  Earth's  crust,  of  the  seismic  velocities  within- 
the  crust,  as  well  as  of  the  upper  portions  of  the  subcrustal 
layer.  Good  information  as  to  the  coordinates  of  the  foci  (epicen¬ 
ters  and  depths)  provides  the  basis  without  which  all  of  the  re¬ 
maining  selsmologlcal  problems  could  not  be  resolved:  the  study  of 
the  seismic  regime  governing  the  distribution  of  earthquakes  with 
respect  to  time  and  space,  the  study  of  the  spectral  quantitative 
relationships  governing  vibrations  during  earthquakes,  the  study  of 
the  association  between  seismic  and  tectonic  phenomena,  etc.  In  this 
sense,  a  study  of  the  structure  of  the  Earth's  crust  and  the  sub- 
cruscal  layer  is  a  problem  within  the  over-all  conqplex  of  seismo- 
logical  investigations. 

The  second  problem,  involving  a  study  of  the  Earth's  crust  in 

the  working  region  -  the  intracontinental  zone,  primarily  the  zone 
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of  Alpine  folding  -  Is  of  Independent  Interest  as  a  portion  of  the 
over-all  geophysical  problem  of  studying  the  structure  of  the  Earth’s 

I 

crust  on  continents. 

In  principle,  the  solution  pf  the  first  problem  is  possible 
through  the  recording  of  earthquakes  directly  in  the  region  being 
studied,  in  this  case,  the  Garm-Stalinabad  region.  However,  the 
complexity  of  geologic  structure  in  this  mountainous  region,  the 
great  number  of  local  nonuniformities  in  the  composition  of  the 
rocks,  and  the  presence  of  numerous  discontinuities  frequently 
makes  it  impossible  to  obtain  a  clear  picture  of  the  over-all 
quantitative  relationships  governing  the  plutonlc  structure  of  the 
given  region  through  the  study  of  local  earthquakes  alone.  There¬ 
fore,  an  easier,  and  yet  more  reliable,  method  of  resolving  the 
problem  is  the  method  which  involves  the  obtaining  of  a  general 
idea  as  to  the  structure  of  an  extensive  region  and  to  use  these 
data  to  refine  the  structural  features  of  local  sections.  Tnis  is 
how  the  work  was  carried  out. 

To  the  extent  that  this  was  possible,  a  seismographic-pros- 
pecting  method  of  processing  the  observations  was  employed  in  in¬ 
terpreting  the  data:  overtaking  and  oncoming,  as  well  as  differen¬ 
tial  and  vertical  hodographs  were  constructed,  and  the  well-known 
"tQ  method"  was  employed  to  determine  the  thickness  of  the  Earth's 
crust,  and  the  amplitude  characteristics  of  the  waves  were  deter¬ 
mined.  Then,  on  the  basis  of  all  obtained  data  as  to  the  structure 
of  the  Earth's  crust,  a  perfected  isochronous  method  was  worked  out 
for  the  determination  of  earthquake- foci  coordinates. 

§  1.  Horizontal  Hodographs 

Method  for  the  Construction  of  Horizontal  Hodographs.  Kinematics 

In  selsmological  investigations,  it  is  general  practice  in  the 
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construction  of  hodographs  for  a  given  region  to  use  a  series  of 
epicenters.  Either  Individual  hodographs  are  prepared  for  these 

I 

epicenters,  and  these  jnodographs  can  subsequently  be  used  for  the 
construction  ^>f  an  averaged  hodograph  for  the  given  region,  or  a 
single  averaged  hodograph  is  immediately  constructed  for  all  of 
the  epicenters  under  consideration  [28].  In  this  case,  a  number  of 
difficulties  arise,  and  these,  in  considerable  measure,  restrict 
the  possibility  of  interpreting  the  results  of  such  a  procedure. 
These  difficulties  are  caused  by  the  following  circumstances. 

The  accuracy  with  which  the  coordinates  of  the  epicenters  that 
have  beep  used  were  determined  rarely  exceeds  +10  km,  and  the  depths 
of  the  foci  are  generally  unknown  or  determined  in  extremely  approx¬ 
imate  fashion;  the  identification  of  the  arrival  of  various  types 
of  waves,  at  various  stations,  given  a  small  recording  time  sweep 
and  inadequate  time-service  accuracy,  are  by  no  means  always  unique¬ 
ly  defined.  Additional  difficulties  arise  as  a  result  of  the  fact 
that,  as  a  rule,  in  the  preparation  of  the  hodograph  it  becomes 
necessary  to  use  data  from  stations  located  at  various  azimuths 
from  the  epicenter,  and  situated  under  the  most  varied  geologic 
conditions.  It  frequently  turns  out  that  the  seismic  beams,  as 
they  are  propagated,  cut  through  sections  of  the  medium  that  have 
extremely  varied  structures.  A  change  in  the  thickness  of  the 
Earth's  crust  in  various  directions  may  result  in  a  pronounced 
variance  in  the  apparent  velocity  of  the  head  waves  from  the  Moho- 
rovicic  discontinuity  or  some  of  the  other  boundaries  (discontin¬ 
uities)  within  the  Earth's  crust.  Ihese  structural  features  of  the 
Earth's  crust,  as  a  rule,  cannot  be  ascertained  in  setting  up  an 
average  hodograph. 

Finally,  It  should  be  pointed  out  that  In  this  seismological- 
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ly  conventional  construction  of  hodographs,  the  dynamic  character¬ 
istics  of  waves  were  almost  not  used  at  all. 

^  The  observation  system  employed  by  the  expedition  in  Tadzhikis- 
tar^and  Kirgiziya  made  it  possible  to  undertake  the  preparation  and 
processing  of  hodographs  in  a  more  efficient  and  detailed  manner, 
particularly  Insofar  as  this  applies  to  the  utilization  of  pros¬ 
pecting  methods  for  the  interpretation  of  the  observations  [29,  30]. 
The  possibility  of  such  an  approach  can  be  attributed  to  the  fol¬ 
lowing  circumstances.  The  seismic  stations  of  the  expedition  (Dzhi- 
rgatal'  [jhcr],  Chusal  [Mcji],  Nimich  [Hmv],  Dzhafr  Yangalyk 

[Hht],  Yaldymych  [Hjm],  Garm  [PpM],  Obi-Garm  [06r],  Chuyangaron  [MHrp] 
Karasu  [not  given],  Khorongon  [Xpr],  Gissar  [Thc])  are  positioned  in 
a  chain  extended  in  an  approximate  latitudinal  direction  and  form 
an  almost  "straight  line"  of  stations,  approximately  200  kilometers 
long.  The  epicentral  zone,  bordering  Yuzhnyy  Tyan'-Shan'  [Tian  Shan] 
on  the  south,  is  situated  far  to  the  east  and  west  of  this  chain  of 
stations,  within  the  confines  of  this  200-km  line.  Such  a  distribu¬ 
tion  of  stations  with  respect  to  the  epicentral  zone  provides  for 
observations  along  a  single  azimuth,  and  earthquakes  along  various 
portions  of  the  line  make  it  possible  to  set  up  a  system  of  oncoming 
and  overtaking  hodographs. 

The  work  on  deep  seismic  sounding  (GSZ)  carried  out  in  the 
Alayskaya  Valley  in  1955*  within  the  confines  of  the  Southern  Tian 
Shan  epicentral  zone  [31]  makes  it  possible  for  us  to  coordinate  the 
data  obtained  through  explosions  with  the  data  obtained  from  earth¬ 
quakes,  and  to  extend  substantially  the  line  along  which  the  inves¬ 
tigations  were  carried  out.  Figure  9  shows  the  distribution  of  earth¬ 
quake  epicenters,  used  for  the  construction  of  the  oncoming  hodo¬ 
graphs,  and  the  GSZ  section  of  the  line. 
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The  existence  of  seismic  stations  In  Tadzhikistan,  Kirgizlya*, 
and  In  the  Ferganskaya  Valley  (Fergana  [ir],  !.Tamangan  [Hmt],  Andi¬ 
zhan  [not  given])  makes  It  possible  to  construct  oncoming  hodo-  ' 
graphs  in  the  other  direction  (Stalinabad  -  Frunze)  as  well.  A  dia¬ 
gram  of  the  location  of  the  stations  and  earthquake  epicenters  ¥or 
this  line  Is  also  shown  in  Fig.  9« 

The  comparatively  small  distances  between  the  stations  of  the 
expedition,  and  the  large  recording  time  sweep,  as  well  as  the  excel¬ 
lent  time  service,  all  serve  to  make  it  possible  reliably  to  ascer¬ 
tain  and  determine  the  absolute  time  of  arrival  for  the  waves,  and 
in  individual  cases,  to  correlate  these.  Finally,  £he  epicenters 
and  depths  of  the  foci  in  Kirgiziya  and  the  Garm  and  Stalinabad 
regions  covered  by  the  expedition  can  be  determined  with  increased 
accuracy. 

In  addition  to  the  basic  data  produced  by  the  expedition,  addi¬ 
tional  data  was  also  employed  in  the  processing,  said  data  produced 
by  the  Central  Asian  seismic  stations  of  the  Southern  group:  Khor¬ 
og  [Xp],  Kulyab  [  K<5] ,  Murgab  [Mr],  Tashkent  [Tdik],  Samarkand  [not 
given].  For  one  earthquake  (18  April  1955)  use  was  also  made  of 
records  produced  by  the  seismic  stations  of  the  northern  group: 
Alma-Ata  [An],  Kegen'  [  Kh],  Przheval'sk  [rip*],  Fabrichnyy  [0><5p], 

Ill  [linn],  Chillk  [  Mjik],  Chimkent  [Mm].  In  individual  cases.  Infor¬ 
mation  was  taken  from  the  Bulletin  of  Seismic  Stations  USSR  for  the 
period  1955-1956. 

Regional  seismic-station  records  were  used  to  confirm  the 
validity  of  the  interpretation  of  the  waves  from  the  Mohorovicic 
discontinuity.  Primarily,  these  records  were  used  for  an  evaluation 
of  recording  features  in  other  directions,  said  directions  not  co¬ 
incident  with  the  direction  of  the  main  station  line.  The  basic  in- 
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Fig.  9.  Diagram  of  earthquake-epicenter  distribution,  used  for  . 
construction  of  overtaking  hodographs,  following  the  Glssaraskaya 
[Gissar]  Valley  -  Alayskaya  Valley  (lower  dashed-dotted  line)  and 
the  Stalinabad  -  Frunze  line  (upper  dashed-dotted  line),  l)  Perma¬ 
nent  stations  of  the  network;  2)  temporary  TKSE  stations;  3)  earth¬ 
quake  epicenters;  A)  GSZ  section  of  the  line  (1955). 

formation  on  the  earthquakes  for  which  the  hodograph  was  construct¬ 
ed  along  the  first  line  (Glssarskaya  Valley  -  Alayskaya  Valley)  are 
shown  in  Table  4,  and  the  data  for  the  hodograph  of  the  second 
line  (Stalinabad  -Frunze)  are  presented  in  Table  5»  The  distance 
between  the  extreme  earthquake  epicenters  on  these  lines  is  approx¬ 
imately  700  km. 

The  epicenters  and  depths  of  the  earthquake  foci,  situated 
close  to  the  seismic  stations  of  the  expedition,  were  determined 
by  methods  proposed  by  Wadatl  and  Islkava  [sic],  the  method  of 
average  lines,  and  a  method  involving  an  isochrone  transparent 


TABLE  '4 

List  of  Earthquakes  Along  the  Line  Gissar- 
skaya  -  Alayskaya  Valley  (From  West  to  East) 
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*K  Is  the  number  of  the  earthquake  classifica¬ 
tion,  K  =  log  E  joule.  See  Chapter  4  for  addi¬ 
tional  details. 

1)  Dates;  2)  hours,  minutes,  seconds;  3)  coor¬ 
dinates;  4)  North  latitude;  5)  East  longitude; 
6)  h,  km. 


TABLE  5 

List  of  Earthquakes  Along  Line  Stallnabad  -  Frun¬ 
ze  (From  South-West  to  North-East) 
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1)  Dates;  2)  hours,  minutes,  seconds;  3)  coor¬ 
dinates;  4)  North  latitude;  3)  Bast  longitude; 
6)  h,  km. 
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sheet  divided  into  squares  (see  §  3).  Hie  earthquake  epicenter 
situated  far  beyond  the  limits  of  the  line  Gissarskaya  Valley  - 
Alayskaya  Valley  were  taken  from  the  Bulletin  of  the  Seismic  net¬ 
work  of  the  USSR. 

The  determination  of  the  depths  of  earthquakes  occurring  be¬ 
yond  the  limits  of  the  operating  regions  of  the  expedition,  as 
will  be  demonstrated  below,  is  not  significant.  The  time  in  the 
focus  for  all  earthquakes  was  determined  according  to  the  Wadati 
curve  or  taken  from  the  Bulletin  of  the  Seismic  Network  of  the 
USSR.  For  strong  earthquakes,  occurring  close  to  the  seismic  sta¬ 
tions  of  the  expedition,  the  amplitudes  obtained  on  the  records 
produced  by  the  VEGIK  seismograph  were  somewhat  large  and,  there¬ 
fore,  the  records  of  the  coarsened  components  were  used. 

An  individual  hodograph  was  constructed  for  each  epicenter, 
and  here  the  position  of  the  station  relative  to  the  epicenter 
was  taken  into  consideration.  For  the  most  part,  longitudinal 
waves  were  used,  since  the  determination  of  the  arrival  of  trans¬ 
verse  waves,  particularly  at  great  distances,  involves  considerable 
difficulties  and  it  was  possible  to  determine  these  only  for  indi¬ 
vidual  earthquakes  along  the  line  Stalinabad  -  Frunze. 

Generally,  the  records  showed  clearly  two,  and  rarely  three, 
arrivals  of  longitudinal  waves.  This  division  becomes  clearest  at 
distances  beginning  on  the  order  of  100  kilometers  from  the  epi¬ 
center.  Hie  arrival  of  waves  can  be  noted  clearly  at  all  stations. 
Even  close  to  the  zone  of  interference,  the  separation  of  the 
waves  was  marked  with  sufficient  clarity  as  a  result  of  the  increased 
time  sweep.  Hie  Interference  zone  for  the  head  waves  from  the  Moho- 
rovicic  discontinuity  and  the  direct  waves  for  earthquakes  with 
shallow  foci  (0-15  km)  is  situated  approximately  220  km  from  the 


focus. 
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Fig.  10.  Recording  specimens  of 
reflected  longitudinal  wave. 
Earthquake  of  3  June  1956 »  16:06 
hours.  A)  Before  the  zone  of  in¬ 
terference;  B)  after  the  zone  of 
interference;  l)  Oissar;  2)  Khor- 
ongon;  3)  Kon-Dora;  4)  derm;  5) 
Tovil '-Dora ;  6)  Yaldymych;  7)  Nira- 
lch;  8)  Chusal;  9)  Dzhergatal; 

10)  potr*  j, 


Individual  hodographs 
make  it  possible  to  determine 
reliably  three  types  of  waves: 
direct  and  head  waves  from  the 
Nohorovicic  discontinuity,  as 
well  as  waves  which,  on  the 
basis  of  their  kinematic  and 
dynamic  indicators,  may  be 
classified  with  the  reflections 
from  that  same  discontinuity. 

We  did  not  succeed  in  isolating 
any  refracted  waves  associated 
with  the  intermediate  bound¬ 
aries  (for  example,  with  the 
Konrad  [sic]  "granite”  -  "bas¬ 
alt"  boundary).  If  such  re¬ 
fracted  waves  exist  here,  they, 
apparently,  interfere  with  the 
reflected  waves.  Earthquake- 
recording  specimens,  obtained 
at  the  stations  of  the  expedi¬ 
tion,  are  presented  in  Fig.  10. 

Extremely  intensive  arrivals 
were  observed  at  individual 
stations,  and  these  arrivals,  in 
terms  of  their  kinematic  indi¬ 
cators,  might  be  included  among 
the  "exchange”  waves. 


However,  in  view  of  the  fact  that  it  was  not  always  possible 
reliably  to  carry  out  the  correlation  of  these  arrivals  between 
the  various  stations,  these  occurrences,  as  a  rule,  were  not  plot¬ 
ted  on  the  hodograph.  The  single  exception  is  the  earthquake  of 
18  April  1955  for  which  an  "exchange"  wave  was  clearly  noted  at 
many  stations  in  Central  Asia.  Apparently,  this  wave  belonged  to 
the  type  S^P^P^,  i.e.,  this  wave  is  an  "exchange"  head  wave  at  the 
Mohorovicic  discontinuity. 

For  straight-line  longitudinal  waves  in  the  granite  layer, 
a  speed  of  6. 0-6.1  km/sec  was  obtained;  for  transverse  waves,  the 
speed  was  3-53  km/sec.  In  readings  taken  above  the  epicenter,  the 
points  tQ  at  which  the  straight-line  waves  intersect  the  time  axes 
of  the  hodographs  lie  at  a  level  of  1.0-1. 5  sec.  The  experimental 
points  close  to  the  epicenters  are  situated  on  a  branch  of  lower 
speed,  corresponding  approximately  to  5.0  km/sec.  These  data,  ob¬ 
tained  from  longitudinal  hodographs.  Indicate  that  there  Is  a  de¬ 
cline  in  speed  close  to  the  Earth's  surface,  and  this  Is  In  good 
agreement  with  the  change  in  velocity  indicated  by  the  vertical 
hodographs  (see  §  2).  The  arrivals  of  a  straight-line  wave  at  sta¬ 
tion  situated  on  the  mesozoic-cenozoic  series  of  the  Tadzhik  Depres¬ 
sion  (Tovil '-Dora,  Ishtion,  GIssar)  are  delayed  by  approximately 
one  second  in  comparison  to  arrivals  at  the  remaining  stations. 

Ihe  apparent  velocities  of  the  head  waves  kept  under  observa¬ 
tion  by  means  of  the  hodographs  change  within  a  wide  range,  and 
this,  apparently,  is  associated  with  the  relief  of  the  underside  of 
the  crust.  On  the  average,  the  apparent  velocity  of  longitudinal 
head  waves  is  7*9  km/sec,  and  for  transverse  waves,  4.6  km/sec.  For 
a  longitudinal  wave  reflected  from  the  Mohorovicic  discontinuity, 
in  the  case  of  observations  at  epicentral  distances  of  150  to  300  km. 


the  apparent  velocities  range  from  6.8  to  6.3  km/sec. 

Velocity  V  =  5« 6  km/sec,  corresponding  to  the  velocity  in 
the  "granite"  layer  according  to  the  hodcgraph  prepared  by  Ye. A. 
Rozova,  did  not  appear  on  oar  hodographs. 

Oncoming  and  Overtaking  Hodographs 

After  the  final  processing,  all  of  the  individual  hodographs 
were  compiled  into  a  system  of  oncoming  and  overtaking  hodographs 
for  the  refracted  and  reflected  waves.  The  scale  used  in  the 
construction  of  the  hodographs  was  1:1,000,000  for  distance,  and 
for  time,  1  cm  -  2  sec.  The  system  of  oncoming  and  overtaking 
hodographs  along  the  line  Gissarskaya  -  Alayskaya  Valley  is  shown 
in  Pig.  11. 

To  obtain  summary  overtaking  hodographs  for  all  earthquakes 
on  each  line,  we  selected  two  for  which  we  were  able  to  estab¬ 
lish  depths  with  some  measure  of  reliability.  Ihe  earthquakes  of 
28  January  1957  and  1  March  1956  were  chosen  for  the  line  Gissar¬ 
skaya  -  Alayskaya  Valley,  and  for  the  line  Stalinabad  -  Frunze, 
we  selected  the  earthquakes  of  28  January  1957  and  23  October  1957* 
These  earthquakes  occurred  in  the  immediate  vicinity  of  the  sta¬ 
tion;  therefore,  it  was  possible  to  determine  their  depth  with  a 
high  degree  of  accuracy,  by  using  the  transparent  grid  paper  em¬ 
ployed  for  the  theoretical  hodographs  (see  §  2).  These  basic  earth¬ 
quakes  on  the  first  line  were  referred  to  a  zero  depth,  and  for 
the  second  line  the  earthquake  of  23  October  1957  was  referred  to 
the  depth  of  the  quake  which  took  place  on  28  January  1957»  The 
summary  oncoming  hodographs  were  constructed  in  terms  of  the  basic 
earthquakes,  in  accordance  with  the  conventional  rules  of  seismic 
prospecting,  to  the  extent  that  this  was  at  all  possible  under 
seismologlcal  conditions. 
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Fig.  11.  System  of  oncoming  and  overtaking  hodographs  of  refracted 
head  waves  from  the  Mohorovlcic  discontinuity,  along  the  line 
Glssarskaya  Valley  -  Alayskaya  Valley. 

Summary  overtaking  hodographs  were  constructed  for  longitudinal 
head  waves  along  both  lines  (Fig.  12),  and  for  the  transverse  head 
waves  -  such  hodographs  were  constructed  only  for  the  second  line 
(Stalinabad  -  Frunze).  Figure  12  shows  for  the  end  of  the  straight- 
line  hodograph  of  the  first  line  a  dense  cluster  of  points  obtained 
in  the  deep  seismic  sounding  (GSZ)  carried  out  in  the  Alayskaya 
Valley  in  1955  [31 )•  For  the  second  line,  averaged  hodographs  of 
longitudinal  (Fig.  13)  and  transverse  waves  reflected  from  the 
Mohorovlcic  discontinuity  were  constructed. 

Since  the  foci  of  the  earthquakes  employed  here  were  situated 
along  approximately  the  same  longitudinal  lines,  any  errors  in 
the  determination  of  their  depth  had  no  effect  on  the  resultant 
velocity  for  the  refracted  head  waves,  since  an  inaccuracy  in 
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Pig.  12.  Averaged  oncoming,  overtaking,  and  differential  hodographs 
of  refracted  head  waves  from  the  Mohorovicic  discontinuity,  and 
the  values  of  tQ.  a)  Gissarskaya  Valley  -  Alayskaya  Valley;  t) 

Stalinabad  -  Frunze;  l)  3.85  km/sec;  2)  GSZ  line  section. 


Pig.  13.  Averaged  hodographs  of  reflected 
waves 

Direction  Stalinabad  -  Frunze 
l)  Southwest ;  2)  Northeast. 

depth,  in  this  case,  results  only  in  a  parallel  shift  on  the 
hodographs  for  these  waves  along  the  time  axis,  without  intro¬ 
ducing  any  changes  in  apparent  velocity.  The  time  difference  for 
common  points  on  the  eastern  and  western  branches  of  the  oncoming 
hodographs  did  not  exceed  0.  3  sec.  If  we  take  into  consideration 
the  limited  accuracy  of  the  seismic  observations  employed,  such 
a  degree  of  coordination  for  common  points  may  be  regarded  as 
good. 

lhe  summary  oncoming  and  overtaking  hodographs  of  the  head 
waves  exhibited  experimental  points  that  were  generally  quite  well 
distributed  along  straight  lines.  The  section  of  the  line  inter¬ 
secting  the  northern  Tien  Shan  is  an  exception.  Here  we  find  a  pro- 

56  . 


nounced  deviation  of  the  points  from  the  straight  line.  Individ¬ 
ual  points,  corresponding  to  the  stations  Andizhan,  Namangan,  and 
Tashkent  did  not  line  up  well  on  the  hodograph  lines,  and  this  al¬ 
so  applies  to  the  data  for  the  expeditionary  time  stations  sit¬ 
uated  in  the  district  around  the  city  of  Tashkent. 

Differential  Hodograph  and  Structure  of  Earth's  Crust 

In  accordance  with  the  summary  oncoming  hodographs,  a  dif¬ 
ferential  i  iCC*C£3  ranh  was  constructed  and  the  values  of  tQ  for  both 
lines  were  determined  (see  Fig.  12,  a,  b).  On  the  eastern  section 
of  the  line  Glssarskaya  -  Alayskaya  Valley,  the  differential  hodo¬ 
graph  was  extrapolated  in  the  assumption  that  it  was  a  straight 
line  to  the  end  of  the  GSZ  line.  For  this  section,  t^  was  deter¬ 
mined  in  accordance  with  the  differential  hodograph  and  the  GSZ 
section  of  the  line.  Deviations  in  the  points  of  the  tQ  line,  from 
a  straight  line,  were  insignificant  along  the  entire  line  and  did 
not  exceed  the  limit  of  observation  accuracy,  which  points  to 
the  relative  evenness  (for  the  given  degree  of  detail)  of  the 
relief  of  the  Mohorovicic  discontinuity  along  this  line.  The 
thickness  of  the  crust  was  determined  according  to  the  following 
formula  [30]. 

//  =  JV 

i  *m  ■  * 

where  i^  is  the  critical  angle,  V  is  the  velocity  in  the  covering 
layer.  The  resultant  data  indicate  that  the  thickness  of  the 
crust  Increases  from  West  to  East;  at  the  extreme  western  end  of 
the  line,  the  crust  is  46  km  thick.  It  is  48  km  thick  in  the 
Garra  district,  and  it  is  50  km  thick  at  the  extreme  eastern  end 
of  the  line. 

The  tQ  for  the  second  line  (Stalinabad  -  Frunze)  exhibit  little 
change  in  the  southwestern  part  of  the  line.  In  the  Northeast,  be- 
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fore  the  Fergana  Range,  the  tg  value  is  somewhat  lower,  and  further 
on  In  the  region  of  the  Fergana  and  then  in  the  region  of  the 
Kirgiz  Ranges,  this  value  increases,  only  to  diminish  again  at 
points  beyond.  The  numerical  values  of  the  thickness  of  the  Earth's 
crust  along  the  line,  which  correspond  to  these  tQ,  are  presented 
in  Fig.  12  in  the  line  tg.  The  maximum  thickness  (58  km)  corres¬ 
ponds  to  the  axis  of  the  Kirgiz  Range. 

The  values  for  the  thickness  of  the  Earth's  crust  on  the 
southwestern  sector  of  the  second  line,  in  the  region  Gam  -  Stal- 
inabad,  came  out  somewhat  higher  than  for  the  same  sector  on  the 
first  line.  The  greatest  divergence,  determined  for  the  two  lines  in 
coincident  sectors,  comes  to  5  km.  This  gives  us  some  idea  as  to  the 
accuracy  with  which  the  thickness  of  the  Earth's  crust  can  be  de¬ 
termined  by  the  method  outlined  here.  On  the  whole,  the  thickness 
of  the  Earth's  crust  varies,  approximately,  from  40  to  60  km  on 
all  of  the  line  sectors  in  Central  Asia  under  consideration.  In 
the  overwhelming  majority  of  cases,  the  thickness  is  close  to 
50  km. 

Summary  Experimental  Hodograph  of  the  Line  Stallnabad  -  Frunze 

Figure  14  presents  experimental  data  based  on  an  overtaking 
system  of  hodographs  for  longitudinal  and  transverse,  straight- 
line,  reflected,  and  head  waves  for  the  line  Stallnabad  -  Frunze. 

Ihe  hodograph  for  the  reverse  direction  is  similar,  with  the  ex¬ 
ception  of  the  sector  corresponding  to  the  Northern  Tien  Shan. 

In  Fig.  14,  the  straight-line  hodograph  of  the  head  wave  for  this 
sector  is  represented  by  a  dashed-dotted  line,  and  the  reverse 
hodograph  is  represented  by  a  simple  dashed  line.  The  numerical 
values  for  the  arrival  time  of  all  indicated  waves  for  these  aver¬ 
aged  hodographs  are  presented  in  Table  6. 
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The  use  of  this  hodograph  for  the  processing  of  earthquakes 
(the  determination  of  the  focal  coordinates)  for  the  region  of 
the  Fergana  Range  yielded  better  results  than  the  hodograph  by 
Ye.  A.  Rozova  that  had  also  been  used  for  this  purpose. 


Fig.  14.  Experimental  and  theoretical  hodographs  of  longitudinal 
and  transverse  waves,  as  well  as  of  head  and  reflected  waves  from 
the  Mohorovicic  discontinuity,  along  the  line  Stalinabad  -  Frunze. 

Constructed  in  accordance  with  the  straight-line  overtaking  system 
of  observations.  Experimental  data  from  the  TKSE  network:  l) 
straight-line  wave;  2)  head  wave  from  the  Mohorovicic  discontinuity; 

3)  reflected  wave  from  the  Mohorovicic  discontinuity.  GSZ  data: 

4)  head  wave  from  the  basalt  discontinuity;  5)  head  wave  from  the 
Mohorovicic  discontinuity;  6)  data  from  stations  not  on  the  line. 
Theoretical  hodographs:  thin  line)  straight-line  wave;  dashed-dotted 
line)  head  wave  from  the  Mohorovicic  discontinuity;  solid  heavy 
line)  reflected  wave  from  Mohorovicic  discontinuity;  the  dotted  line 
on  the  extension  of  the  hodograph  for  the  straight-line  waves  in¬ 
dicates  that  a  wave  reflected  beyond  the  maximum  angle  could  easily 
be  confused  with  a  straight-line  wave;  a)  t,  sec;  b)  6.1  km/sec; 

c)  the  Ferganskaya  Valley  -  Frunze  sector. 
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TABLE  6 

Tabular  Values  of  Hodographs  for  Straight-Line,  Re¬ 
flected,  and  Head  Longitudinal  P  and  Transverse  S 
Waves 
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Note.  Px  and  are  straight-line  waves,  P11  and  are  reflected 

waves  from  the  Mohorovicic  discontinuity,  P12l  and  S121  are  head 

waves  from  the  Mohorovicic  discontinuity,  P^2l  St-Fr  represents 

the  experimentally  determined  duration  of  the  head  waves  at  the 
Fergana  Valley  sector.  Ihe  duration  of  the  waves,  corresponding  to 
a  straight-line  wave  in  the  "deposition"  layer,  are  shown  in 
parentheses;  Ct -  St-Fr  »  Stalinabad- Frunze. 


We  can  see  from  the  example  presented  that  with  a  special 
system  of  earthquake  observations,  employing  seismic-prospecting 
methods  for  processing  these  results,  we  can  obtain  more  detailed 
data  as  to  the  structure  of  the  Earth's  crust  In  large  regions, 
than  Is  possible  with  conventional  seismological  methods.  Ihe  ac¬ 
curacy  in  the  determination  of  the  thickness  of  the  Earth's  crust 
with  these  constructions  (of  the  order  of  +5  km),  possibly  ap¬ 
proaches  the  accuracy  of  the  results  obtained  by  the  GSZ  method, 
which  employs  a  version  of  the  "piece-continuous  profiling"  method. 
For  the  solution  of  similar  problems,  a  combination  of  seismo¬ 
logical  (earthquake  observation)  and  GSZ  (observation  of  explosions) 
methods  is  most  expedient. 

Amplitude  Characteristics  for  Vrrlous  Types  of  Waves 

In  the  identification  of  waves  and  the  construction  of  hori¬ 
zontal  hodographs,  even  in  the  case  of  comparatively  favorable 
observation  conditions,  the  same  kinematic  criteria  may  gener¬ 
ally  be  inadequate.  In  view  of  this,  in  the  preparation  of  indivi¬ 
dual  hodographs,  we  made  use  of  dynamic  (amplitude)  wave  features 
as  well. 

1.  Experimental  amplitude  curves.  Together  with  the  deter¬ 
mination  of  the  arrival  time  for  various  waves,  the  average  ampli¬ 
tude  of  the  wave  arrival  was  also  measured,  said  time  reliably  de¬ 
termined  on  the  basis  of  kinematic  indicators.  For  this  purpose, 
as  a  rule,  only  recordings  from  the  expedition  stations  equipped 
with  similar  frequency-characteristic  equipment  was  employed.  As 
an  exception,  records  of  regional  stations  from  the  Fergana  Valley 
were  used,  and  here  the  arrival  amplitudes  on  the  records  of  these 
stations,  taking  into  consideration  the  frequency  characteristics 
of  the  instruments,  were  magnified  20,000  times,  the  standard  mag- 


nification  of  the  Instruments  employed  by  the  stations  of  the 
expedition.  Trie  values  for  the  average  arrival  amplitudes  were 
recorded  on  an  individual  hodograph  for  each  point,  corresponding 
to  the  arrival  time  of  a  given  wave,  determined  according  to 
kinematic  indicators.  It  should  be  pointed  out  that,  in  the 
majority  of  cases,  corresponding  amplitudes  on  the  records  of 
regional  seismic  stations,  equipped  with  SGK  and  SVK  seismographs, 
were  anomalously  large  and  the  results  were  unsatisfactory  in 
the  attempt  to  coordinate  these  data  with  the  records  produced 
by  the  expedition  stations  equipped  with  VEGIK  seismographs.  This 
is,  apparently,  associated  with  the  fact  that  the  frequency  ranges 
of  the  equipment  employed  by  these  stations  do  not  coincide.  ■ 

The  further  processing  involved  the  following.  The  amplitude 
values  were  plotted  on  a  curve  which  was  constructed  on  a  double 
logarithmic  scale  (the  axis  of  abscissas  represented  the  distances, 
and  the  axis  of  ordinates  represented  the  amplitudes,  in  mm,  of. 
records  produced  by  the  VEGIK).  Such  curves  were  constructed  for 
each  individual  earthquake  (Fig.  15,  a)  or  for  several  earthquakes 
of  similar  intensity  classification  (K  =  12),  whose  amplitude 
curves  coincided  on  a  single  curve  (Fig.  15,  b). 

2.  Theoretical  amplitude  curves.  In  order  to  have  some  idea 
as  to  the  magnitude  of  the  amplitudes  of  various  types  of  waves, 
at  various  distances  from  the  source,  theoretical  amplitude  atten¬ 
uation  curves  were  calculated  at  the  request,  to  the  expedition,  of 
LOMI*  coworkers  A.  V.  Manukhov  and  M. V.  Vasil 'yeva,  for  different 
orientations  of  dipole- type  sources  with  moment  (a  model  of  the 
earthquake  focus). 

The  calculations  were  carried  out  in  the  assumption  that  the 
Earth’s  crust  was  uniform  and  nonabsorbing,  with  the  velocity  val- 


ues  and  crust  thickness  values  attained  by  the  TKSE  in  accordance 
with  the  horizontal  and  vertical  hodographs  (§  1  and  2).  A  change 
in  wave  amplitude  was  examined  in  a  direction  perpendicular  to  the 
extension  of  the  discontinuity  in  the  focus  for  a  case  in  which  the 
discontinuity  plane  was  oriented  vertically  or  at  an  angle  of  45° 
to  the  daylight  surface. 

On  the  theoretical  amplitude  curves  obtained  (Pig.  16,  b,  c) 
our  Attention  is  first  caught  by  two  circumstances:  first  of  all, 
the  extremely  strong  dependence  between  the  amplitude  curves  and 
the  position  of  the  discontinuity  plane;  and  secondly,  by  the 
great  intensity  of  the  reflected  waves  beyond  the  critical  angle, 
said  intensity  exceeding  the  intensity  of  straight-line  waves, 
sometimes  by  orders  of  2  to  3-  The  latter  wave  becomes  substantial¬ 
ly  weaker  than  all  of  the  remaining  waves,  as  a  rule,  at  a  short 
distance  from  the  source.  The  exchange  wave  of  the  type  SjPgP.^  is 
commensurate  in  intensity  with  a  reflected  wave.  . 
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Pig.  15.  Experimental  curves  for  the  attenuation  of  longitudinal 
straight-line,  reflected,  and  head  waves,  a)  For  the  earthquake 
on  7  January  1958  (K  ■  13);  b)  for  the  group  of  earthquakes  of 
intensity  classification  12.  1)  Straight-line;  2)  reflected;  3) 
head  wave. 
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crust,  45  km;  focus  at  a  depth  of  5  km).  a)  Kinematic  hodograph 
b,c)  amplitude  curves  for  vertical  discontinuity  plane  (b)  and 
discontinuity  plane  inclined  at  an  angle  of  45°  (c).  Wave  type 
SP,  PS,  PjP^  -  reflected;  -  head;  S^gPj  -  exchange  hea 

f  -  straight-line. 


d  •# 


An  examination  of  the  results  obtained  In  these  calcula¬ 
tions  leads  us  to  the  following  conclusions:  a)  with  obser¬ 
vations  along  various  azimuths  from  the  source,  wave  inten¬ 
sity  of  a  given  type  of  wave  may  vary  by  a  factor  of  more 
than  one  order  of  magnitude;  b)  a  straight-line  wave  may  be 
noted  only  close  to  the  source,  up  to  the  zone  of  inter¬ 
ference  with  the  head  wave,  so  long  as  it  appears  in  the 
first  arrivals,  and  it  is  more  difficult  or,  for  all  intents 
and  purposes,  impossible  to  note  such  a  wave  beyond  the  zone 
of  interference  on  the  background  of  the  records  of  other 
more  intensive  waves;  c)  beyond  the  zone  of  interference, 
we  can  reliably  note  a  reflected  wave  which,  in  terms  of  inten¬ 
sity,  predominates  over  all  other  types  of  waves,  or  we  can  find 
an  exchange  wave  of  the  type  siP2Pl  whlch  can  be  distinguished 
easily  from  a  reflected  wave  by  its  kinematic  indicators.  An  im¬ 
portant  criterion  in  the  identification  of  waves,  a  criterion 
which  follows  from  the  same  theoretical  curves,  is  the  differ¬ 
ence  in  the  attenuation  of  straight-line,  head,  and  reflected 
waves.  Thus,  amplitude  characteristics  of  waves  lead  to  a  sub¬ 
stantial  expansion  of  the  possibilities  of  interpreting  these 
observed  data. 

A  comparison  of  the  degree  of  attenuation  with  the  dis¬ 
tance  of  straight-line,  head,  and  reflected  waves  for  theoretical 
(Pig.  16)  and  experimental  (Fig.  15)  curves  produces  satisfactory 
agreement.  Insofar  as  the  amplitude  relationships  are  concerned, 
the  amplitude  of  reflected  waves,  on  experimental  curves,  exceed 
the  amplitude  of  straight-line  waves  by  no  more  than  1  to  1.5 
orders  of  magnitude,  whereas  this  difference  In  the  case  of 
theoretical  curves  (Fig.  16)  reaches,  in  individual  cases,  3  to 
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k  orders  of  magnitude. 

The  attenuation  of  the  vibration  amplitude  on  the  summary 
experimental  curve  (Fig.  15,  b)  is  more  intensive  for  all  waves 
than  is  the  attenuation  on  the  theoretical  curves.  Apparently, 
this  difference  can  be  explained  by  a  significant  absorption  ef¬ 
fect.  On  the  basis  of  the  divergence  between  the  theoretical  and 
experimental  attenuation  curves,  the  amplitude  values  for  the 
absorption  decrement  were  calculated.  For  straight-line  and  re¬ 
flected  waves,  the  decrement  was  0. 03.  This  value  is  somewhat 
higher  than  the  value  for  the  Earth's  crust  that  is  usually 
assumed  (e  =  0.01)  and  cannot  be  regarded  as  reliable  in  view  of 
the  inadequate  number  of  experimental  data. 

It  should  be  stressed  that  the  results,  cited  here  for  the 
theoretical  calculations  of  amplitude  curves,  pertain  only  to 
the  simplest  case  of  single-layer  "granite"  nonabsorbing  crust. 

As  the  calculations  of  a  number  of  examples  for  multilayer  "gran¬ 
ite-layer  basalt"  crust  have  demonstrated,  the  reflection 
from  the  Mohorovicic  discontinuity  remains  more  intensive  in  this 
case  as  well.  A  great  variety  of  relationships  between  intensi¬ 
ties  of  reflected  and  refracted  (head  and  penetrating  "refracted") 
waves  is  possible  in  media  which  exhibit  discontinuous-continuous 
changes  of  parameters  (medium  gradients,  transitional  layers,  etc. ). 
Taking  into  consideration  the  absorption  whose  magnitude  is  greater 
in  the  crust  than  directly  beneath  the  crust,  we  find  that  there 
is  a  relative  strengthening  of  refracted  waves  in  comparison  to 
reflected  waves.  The  intensity  relationship  between  reflected  and 
refracted  waves  also  changes  as  a  function  of  the  position  of  the 
source  and  the  point  of  observation. 

Thus,  the  results  cited  in  this  section,  on  the  study  of  the 


structure  of  the  Earth's  crust,  said  study  undertaken  by  means  of 
horizontal  hodographs  for  earthquake  waves,  these  waves  obtained 
and  processed  with  the  use  of  methods  similar  to  seismological 
prospecting  and  partially  supported  by  dynamic  calculations,  have 
not  yet  made  it  possible  to  detect,  in  the  Earth's  crust  of  the 
given  region,  basic  layers  other  than  the  "granite"  layer,  which 
exhibits  a  velocity  of  approximately  6.0  km/sec.  A  further  dis¬ 
cussion  of  the  problem  dealing  with  the  velocity  structure  of 
the  Earth's  crust  and  the  subcrystal  layer  in  the  regions  being 
investigated,  will  be  presented  in  the  following  section. 

§  2.  Vertical  HodographB 

Transparent  Sheets  of  Graph  Paper  for  Theoretical  Hodographs 
The  determination  of  the  velocity  boundary  within  the 
Earth's  crust,  i.e.,  the  nature  of  the  distribution  of  seismic 
velocities  within  the  crust,  as  is  well  known,  presents  consid¬ 
erably  greater  difficulties  than  an  estimate  of  some  average 
velocity  and  the  total  thickness  of  the  crust.  While  seismolo¬ 
gists  at  the  present  time  are  more  or  less  in  agreement  with 
respect  to  the  structure  of  the  crust  beneath  the  oceans,  this 
primarily  of  "basaltic"  composition,  with  respect  to  the  struc¬ 
ture  of  the  continental  crust,  we  encounter  the  following  dis¬ 
agreements  (see,  for  example,  the  summary  by  B.  Gutenberg  [32], 
as  well  as  the  work  by  Teytel  and  T'yuv  [33])* 

Some  researchers  are  still  of  the  opinion  that  there  is  a 
more  or  less  pronounced  separation  of  the  continental  crust, 
beneath  the  sedimentary  layer,  into  two  major  strata  "granite" 
and  "basalt,"  ([34-37]  etc.),  whereas  others  maintain  that  the 
structure  of  the  earth  is  substantially  uniform  and  may  exhibit 
a  constant  rise  in  velocities  from  the  depths  ([33]  etc.).  Some 
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have  noted  waveguide  channels  within  the  crust  where  the  velo¬ 
cities  are  lower,  whereas  others  have  found  no  bases  for  main¬ 
taining  that  such  zones  exist  [38]. 

In  investigations  involving  great  explosions,  it  was  gen¬ 
erally  concluded  that  the  power  of  resolution  of  the  methodol¬ 
ogy  and  equipment  presently  in  use  is  not  equal  to  the  stratifi¬ 
cation  of  the  crust  which  sometimes  exhibits  a  great  number  of 
layers.  In  the  latest  works  dealing  with  great  explosions  (in¬ 
cluding  nuclear  explosions),  at  certain  points  the  conclusion 
was  reached  that  the  crust  consisted  of  a  single  layer,  where¬ 
as  at  other  points  the  conclusions  drawn  indicated  that  the  crust 
was  stratified.  In  works  in  which  a  more  detailed  study  of  the 
structure  of  the  Earth  was  undertaken,  and  this  by  means  of 
small  explosions,  carried  out  in  the  USSR  in  accordance  with 
the  method  of  deep  seismic  sounding  (GSZ)  ( [ 31 ]  etc.,)  on  con¬ 
tinents,  as  well  as  in  inland  seas  and  seas  close  to  continents 
(the  Caspian  Sea,  the  Black  Sea,  and  the  Sea  of  Okhotsk),  a  "gran¬ 
ite"  and  a  "basalt"  sedimentary  layer  was  generally  noted,  and  only 
in  individual  local  cases,  in  the  presence  of  a  thick  sedimentary 
layer,  did  the  investigations  fail  to  reveal  the  presence  of  one 
of  the  major  crustal  layers  ("that  of  the  granite  layer"),  while 
at  other  points  the  thickness  of  the  "basalt"  layer  diminished 
markedly.  There  were  points  at  which  the  separation  of  the  crust 
into  individual  layers  was  more  pronounced,  particularly  in  the 
Pamlro- Alayskaya  zone,  adjacent  to  Garm  [31],  where  "basalt"  was 
divided  into  two  sublayers:  an  upper  layer  -  with  a  lower  velocity, 
and  a  lower  layer  -  with  a  greater  velocity.  It  is  important  to 
note  that  in  all  of  the  GSZ  projects  the  crust  was  found  to  be 
nonuniform  and  a  basalt  layer  was  found  to  exist  above  the  Mohoro- 
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vicic  discontinuity,  said  layer  having  a  velocity  greater  than 
through  granite.  In  this  case,  the  boundary  of  separation  for 
the  layers  within  the  crust  was  not  always  clearly  delineated.  It 
is  possible  that  in  a  number  of  instances,  the  boundaries  of  sep¬ 
aration  could  be  replaced  by  smooth  transitions. 

Finally,  some  contemporary  seismologists  take  an  agnostic 
position,  sometimes  with  complete  Justification  pointing  to  the 
absence  of  sufficient  argumentation  in  the  given  works  to  accept 
particular  conclusions  with  respect  to  the  stratification  of 
the  Earth's  crust. 

With  such  complex  circumstances,  new  investigations  are 
necessary,  these  directed  toward  a  more  thorough  study  of  this 
important  problem.  Below  we  discuss  such  an  attempt,  proceeding 
from  the  kinematic  position  and  based  on  the  concept  of  a  possi¬ 
bility  of  distinguishing  "strata"  and  "discontinuity"  velocities 
in  the  Earth's  crust. 

We  would  first  like  to  point  out  that  seismic  velocities  de¬ 
termined  on  bases  of,  on  the  one  hand,  primarily  horizontal  ex¬ 
tended  lines,  and  on  the  other  hand,  on  primarily  vertical  lines, 
can  differ  substantially  in  the  presence  of  a  velocity  stratifi¬ 
cation  of  the  medium  even  if  this  medium  is  macroiBotropic  (the 
latter  assumption  is  sufficiently  valid  insofar  as  it  pertains  to 
large  rock  volumes)  [39l*  In  "major"  seismology,  conclusions  as  to 
the  velocity  structure  of  the  Earth's  crust  were,  until  recently, 
based  on  waves  that  are  primarily  propagated  in  a  horizontal  direc¬ 
tion.  Correspondingly,  the  determination  of  velocities  was  carried 
out  in  accordance  with  conventional  horizontal  hodographs  of  straight- 
line  and  refracted  waves.  This  pertains  both  to  earthquake  obser¬ 
vation  as  well  as  explosions  that  served  sel sinological  purposes 
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rather  than  prospecting  goals. 

Moreover,  we  know  from  experience  gained  in  seismological 
prospecting  that  "horizontal"  systems  for  the  observation  of 
straight-line  and  refracted  waves  yield  the  possibility,  in 
principle,  of  determining  only  discontinuity  velocities  with 
some  reasonable  degree  of  reliability,  whereas  strata  velo¬ 
cities  [39*  ^0]  can  be  determined  with  only  a  small  degree  of  re¬ 
liability  by  these  methods. 

In  seismological  prospecting,  strata  velocities  can  be  deter¬ 
mined  with  sufficient  accuracy  according  to  "vertical"  drillhole 
observations,  which  may  be  supplemented  or  partially  replaced, 
under  appropriate  conditions,  by  appropriate  methods  of  observa¬ 
tion  and  interpretation  of  conventional  horizontal  hodographs  for 
reflected  waves,  through  the  construction  of  vertical  hodographB 
of  seismic  waves.  Methods  similar  to  the  latter  may  be  employed 
in  seismology  for  the  determination  of  the  velocity  structure  of 
the  Earth's  crust,  in  accordance  with  observations  of  near-by  earth¬ 
quakes.  Such  methods  were  proposed  by  Yu.V.  Riznichenko  [41].  These 
methods  consist  in  the  use  of  transparent  grid  paper  for  theoretical 
hodographs  of  straight-line  or  passing  refracted  waves,  as  well  as 
in  the  use  of  vertical  hodographs  for  these  waves. 

For  the  determination  of  a  velocity  discontinuity  according 
to  seismological  data  (for  the  joint  determination  of  focal  depths 
of  earthquakes,  average  velocities,  and  times  t_  along  the  vertical) 
we  can  use  the  same  transparent  grid  sheet  for  the  theoretical 
hodographs  of  reflected  waves  as  was  used  in  seismological  pros¬ 
pecting.  Hie  difference  here  lies  in  the  fact  that  in  seismology 
the  source  of  the  excitation,  the  focus,  is  situated  not  at  the 
surface  as  is  the  case  with  a  seismic-prospecting  explosion,  but 
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at  a  substantial  depth  h,  and  here  we  must  determine  the  dis¬ 
tance  from  the  surface  not  to  the  reflection  discontinuity, 
but  to  the  focus.  In  actual  practice,  this  difference  is  taken 
into  consideration  in  the  interpretation  of  earthquakes  by  the 
fact  that  the  depth  scale  of  the  prospecting  grid  sheet  must  be 
changed  by  a  factor  of  two.  Further,  the  prospecting  grid  sheets 
are  plotted  for  the  case  in  which  the  distance  from  the  explosion 
point  to  the  extreme  observation  point  does  not  exceed  the  depth 
of  the  reflection  discontinuity.  Since  these  conditions  are  rarely 
satisfied  in  the  case  of  seismological  observations,  the  grid 
sheet  must  be  extended  for  greater  epicentral  distances,  and  then 
all  existing  observation  stations  may  be  employed  in  the  determin¬ 
ation.  Although  the  more  distant  stations  do  not,  in  this  case, 
make  it  possible  to  determine  the  depth  of  the  focus,  they  do, 
however,  make  it  possible  to  achieve  more  reliable  coincidence 
between  the  theoretical  curve  and  all  of  the  observation  points 
used. 

A  specimen  of  a  seismological  grid  sheet  for  theoretical 
hodographs,  calculated  for  the  determination  of  foci  of  small 
depth  Jt,  is  presented  in  Fig.  17.  In  the  case  of  deep  earthquake 
foci,  when  the  conditions  of  the  prospecting  case  are  satisfied, 
the  prospecting  grid  (Fig.  18)  yields  high  accuracy,  and  its  use 
is  preferred. 

Calculation  Procedure 

On  a  piece  of  tracing  paper,  laid  over  the  transparent  grid, 
crosshairs  are  laid  out  and  these  represent  the  vertical  time  axis 
which  coincides  with  the  axis  of  symmetry  of  the  transparent  grid 
and  the  horizontal  distance  axis  which  is  situated  at  mark  1.0  when 
times  tp  -  tq  are  used,  or  at  mark  0.7-0. 8  (in  accordance  with  the 
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relationship  between  velocities  of  longitudinal  and  transverse 
waves,  on  the  basis  of  the  V.'adatl  curves,  (see  §  3)  when  times 
t  -  t  are  used.  Here  tA  is  the  time  at  the  focus,  t  is  the 
arrival  time  of  the  longitudinal  waves,  and  t  is  the  arrival 
time  of  the  transverse  waves.  In  this  coordinate  system,  however, 
the  "observed"  points  are  plotted  with  the  coordinates:  epicentral 
distance,  determined  by  the  isochrone  method  (see  §  3),  and  time. 
Further,  keeping  the  corresponding  axes  parallel,  the  tracing 
paper  is  moved  across  the  transparent  grid  for  plotting  of  all 
observed  points  on  one  and  the  same  theoretical  curve  of  the 
transparent  grid.  Now,  according  to  the  position  of  the  curve  min¬ 
imum,  approximating  the  observation  hodograph,  the  focal  depth  is 
marked  off  on  the  vertical  3cale,  and  the  initial  horizontal  axis 
of  the  tracing  paper  determines  the  average  velocity  on  this  same 
scale.  For  a  reading  of  t  ,  the  time  of  duration  at  the  epicenter 
along  the  vertical,  this  same  horizontal  line  is  made  to  coincide 
with  the  initial  grid  line:  the  distance  from  this  line  to  the 
minimum  point  of  the  theoretical  curve,  plotted  on  the  tracing 
paper  along  the  observed  points,  determines  time  t  along  the  same 
vertical  scale.  The  most  reliable  result  is  obtained  if  the  sta¬ 
tions  are  situated  approximately  along  the  same  straight  line,  on 
various  sides  from  the  epicenter,  but  the  transparent  grid  may  be 
employed  even  if  the  stations  are  situated  on  only  one  side  with 
respect  to  the  epicenter.  In  an  area  positioning  of  the  stations, 
i.e.,  in  different  directions  with  respect  to  the  epicenter,  the 
data  from  the  stations  situated  on  one  side  of  any  conventional 
line  dividing  all  of  the  stations  into  two  groups,  can  be  plotted 
on  the  left-hand  side,  and  the  data  from  the  stations  lying  on 
the  other  side  of  the  line  can  be  plotted  to  the  right  of  the  axis 
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of  symmetry  of  the  transparent  grid. 

Further  processing  of  the  resultant  data  can  be  reduced  to 
the  construction  of  a  vertical  hodograph.  Two  axes  are  plotted  on 
a  piece  of  graph  paper:  the  horizontal  axis  is  the  time  axis  t  , 
and  the  vertical  axis  represents  the  axis  of  depths.  Points  with 
the  coordinates  obtained  for  a  series  of  earthquakes  at  various 
depths  are  plotted  on  a  curve;  the  sequence  of  these  points  -  it 
can  be  expressed  by  a  smooth  curve  or  a  broken  line  —  forms  the 
vertical  hodograph. 

Having  carried  out  the  graphical  differentiation  of  this 

curve,  we  obtain  the  values  for  the  strata  velocities  for  various 

depths,  and  by  drawing  a  line  from  point  (h  =  0,  t  =  0)  which  in- 

z 

tersects  each  point  along  the  curve  of  the  vertical  hodograph  in 
succession,  we  obtain  the  values  for  the  average  velocities  to 
the  corresponding  depths.  The  same  curve  can  be  constructed  for 
fictitious  t8  -  tp  waves.  The  above  method  was  employed  to  obtain 
the  vertical  hodographs  for  the  Garm  and  Pamiro-Gindukushskiy  re¬ 
gions. 

In  determining  the  strata  velocities  according  to  the  verti¬ 
cal  hodograph  we  must  bear  in  mind  that  their  values,  obtained  by 
means  of  graphical  differentiation,  may  be  reliable  only  if  the 
detected  strata  are  sufficiently  thick.  In  thin  layers,  strata 
velocities  cannot,  for  all  intents  and  purposes,  be  determined  from 
the  vertical  hodographs.  This  restricts  the  possibilities  for 
this  given  kinematic  method.  It  is  possible  that  certain  dynamic 
methods  may  exhibit  greater  power  of  resolution  in  this  respect. 
Accuracy  in  Determination  of  Depths  and  Velocities  by  Means  of 
Transparent  Grid  of  Theoretical  Hodographs 

Errors  In  the  determination  of  depths  and  average  velocities 
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determination  of  focal  depths  and  average  propagation  velocities 
for  seismic  waves. 


id  of  theoretical  hodogri 
pths  and  average  propaga 
transparent  grid  used  fo: 


of  seismic  waves  may  be  random  or  regular.  Here  we  will  dwell  on 
an  examination  of  only  the  latter.  These  may  arise  as  a  result  of 
the  fact  that  the  transparent  grid  of  the  theoretical  hodographs 
is  intended  for  a  uniform  medium  and  only  then  does  the  "effective" 
velocity,  determined  according  to  the  transparent  grid,  coincide 
exactly  with  the  average  velocity  in  the  vertical  direction.  In 
actual  fact,  we  are  dealing  here,  in  the  first  approximation,  with 
a  medium  in  which  the  wave  velocities  change  with  depth  (a  hori¬ 
zontally  stratified  medium). 

In  this  connection,  the  effective  velocities  Vg  and  corres¬ 
pondingly  hg  are  somewhat  overestimated  in  comparison  with  the 
actual  average  velocities  Vm  and  depths  h.  The  relative  system¬ 
atic  overestimation  of  velocities  and  depthB 


depends  on  the  length  of  the  hodograph,  and  increases  with  this 
length. 

It  is  well  known  [ 30 ]  that  the  effective  velocity,  determined 
from  the  entire  hodograph,  does  not  exceed 

v  =  Vv'  . 

'  t.  max  ~  V  '  i  ' 


where  is  the  maximum  epicentral  distance,  and  £  and  V  are  the 

corresponding  values  of  time  and  apparent  velocity  according  to 
the  hodograph,  at  the  point  farthest  from  the  epicenter.  If  the 
medium  is  made  of  layers  having  parameters  hj,  V^,  h2,  Vg,...,  hn, 
Vn^hk  is  the  thickne8S  of  the  layer,  is  the  velocity  within  the 
layer), we  have  the  following  relationships: 


*tg  -  tan 
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Ml.  , 


A„..x  i. 


where  i^,  i  in  are  the  angles  which  the  seismic  rays  make 

with  the  vertical:  along  one  and  the  same  ray  (sin  l^J/V^  =  const, 

summation  2  is  carried  out  for  all  values,  1,  2,...  n. 

The  cited  relationships  make  it  possible  to  determine  the 

value  of  V  and  to  evaluate  the  corresponding  maximum  error 

e,max 

y  =  y  ,  if  the  structure  of  the  medium  is  given,  i.e. ,  if  the 

I713X 

magnitudes  of  h^,  V1,  h2,  Vg,...  are  given.  For  this  purpose,  it 

* 

is  enough  to  substitute  the  values  of  V  ,  A  written  above,  into 

max 

the  formula  for  V  _ ,  and  then  the  values  of  V  (instead  of 

e,max  e,max 

V  )  and  to  substitute  V  for  y  in  the  formula, 
e  m 

The  minimum  systematic  (but  therefore  highly  random)  error 

is  obtained  with  an  extremely  short  hodograph,  if  we  can  assume 

that  cos  I.  -*■  0.  In  this  case, 
k  ' 


and  then 


It  is  Interesting  that  in  the  limiting  case  at  4  *  0,  the  quantl- 
ty  Vn  *  °‘ 

In  the  case  of  layers,  the  minimum  error  values  of  y  are  de¬ 
termined  and  presented  graphically  for  various  ratios  m  *  hg/h^  and 
n  =  Vg/Vi  in  the  reference  [30]*  For  a  determination  of  the  maxi¬ 
mum  values  of  y  in  the  case  of  two  layers,  we  will  use  the  following 
formulas  C30] s 
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op  i  /p 

where  A  =  (l  -  n  sin  i^)  •  The  angle  i^,  is  apparently  equal 

to  zero  at  the  epicenter,  and  approaches  the  magnitude  arc  sin  {V^/ 
/V2)  as  it  moves  away  from  the  epicenter. 

The  values  of  y  =  y  were  calculated  in  the  assumption  that 
*  'max 

n  =  (Vg/V^)  =  1.2  for  angles  i^  from  0  (at  the  epicenter)  to  56° 

(at  an  epicentral  distance  of  A  ~10  h),  for  various  ratios  of 
m  =  h2/hj.  At  i1  <  50°,  the  quantity  y  does  not  exceed  2. 5$;  at 
i^  =  56°,  it  reaches  7#.  This  degree  of  accuracy  may  be  regarded 
as  fully  adequate,  particularly  at  distances  where  A  ~  h. 

Vertical  Hodographs  for  the  Garm  District 

Ihe  vertical  hodographs  for  the  Garm  district  were  constructed 
on  the  basis  of  observations  taken  in  the  period  1955-1956,  for 
four  separate  sectors. 

The  first  sector  was  the  most  favorable  for  the  construction 
of  hodographs  -  an  earthquake  strip  extended  along  the  line  of  the 
northern  stations  on  the  right  bank  of  the  Surkhob.  Here,  a  great 
number  of  earthquakes  was  recorded,  and  their  coordinates  were  de¬ 
termined  with  great  accuracy  (according  to  the  isochrone  method, 
see  §  3).  The  focal  depths  in  this  sector  ranged  within  rather  wide 
limits:  from  2-3  to  40  km.  The  observation  conditions  here  (extreme¬ 
ly  small  epicentral  distances  and  a  great  depth  Interval)  are  clos¬ 
est  to  the  seismic  prospecting  conditions  with  respect  to  the 
method  of  reflected  waves.  Vertical  hodographs,  constructed  for 
these  earthquakes,  are  shown  in  Fig.  19*  a.  The  hodographs  of 
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longitudinal  (tp  -  t^)  and  fictitious  (tfl  -  tp)  waves  are  plotted 
on  the  curve,  as  are  the  strata  velocities  of  the  longitudinal 
waves  and  the  average  velocity  of  the  longitudinal  and  fictitious 
waves  (S  -  P).  The  hodograph  was  constructed  to  a  depth  of  40  km, 
although  the  last  sector  was  not  too  reliable.  Along  this  entire 
hodograph,  with  the  exception  of  the  upper  part,  the  strata  vel¬ 
ocity  was  6.05  +  0.05  km/sec  for  longitudinal  waves  (Vp)  and  8.3 
km/sec  for  fictitious  waves  (Vf).  Close  to  the  surface,  the  vel¬ 
ocity  Vp  dropped  to  5*0  km/sec.  The  over-all  thickness  of  the 
surface  layer  here  is  small  and  amounts  to  2-3  km. 

The  second  sector,  for  which  the  vertical  hodograph  was  con¬ 
structed,  is  a  strip  of  epicenters  between  the  axial  portion  of 
the  Peter  I  range  and  the  bed  of  the  Surkhob  River.  The  resultant 
vertical  hodograph  differs  little  from  the  preceding  one  (Fig.  19, 
a),  but  exhibits  a  somewhat  lower  velocity  in  the  zone  adjacent 
to  the  surface.  In  this  sector,  there  are  outcroppings  of  sedi¬ 
mentary  rocks  at  the  surface,  and  the  resultant  hodograph  shows 
them  to  be  of  comparatively  limited  thickness. 

The  following,  the  third,  sector  coincides  with  the  axial 
portion  of  the  Peter  I  range.  The  hodograph  for  this  sector  is 
shown  in  Pig.  19,  b.  It  is  of  the  same  general  nature  as  the 
hodograph  for  the  first  sector  (Pig.  19,  a),  but  the  surface  layer 
with  a  velocity  of  Vp  =  5-0  km/sec  exhibits  far  greater  thickness 
here:  up  to  9  -  10  tan. 

A  similar  hodograph  was  obtained  for  the  last,  the  fourth, 
sector  -  the  valley  of  the  Obikhingou  River. 

A  simultaneous  examination  of  the  vertical  hodographs  that 
we  obtained  indicates  that  there  is  a  substantial  Increase  in  the 
thickness  of  the  surface  layer  with  an  average  velocity  of  about 


;raphs  along  the  northern- station  line, 
irkhob  River  Valley;  b)  axial  portion  of 
open  circles  correspond  to  times  t8  -  tp 

spond  to  times  t  -  t  [sic];  l)  V*  __ 

.  _  .  s  p  i>Br» 

3)  6.05  km/sec. 


5  km/sec  from  2  -  3  km  to  the  north  of  and  up  to  9  -  10  km  to  the 
south  of  the  axial  portion  of  the  Peter  I  Range.  The  change  in 
the  thickness  of  this  layer  is  rather  pronounced,  and  the  under¬ 
side  is  shown  to  be  a  steeply  inclined  discontinuity  which  sub¬ 
sequently  levels  off  to  the  south  at  a  depth  of  9  to  10  km.  This 
structure  of  the  upper  layers  of  the  Earth’s  crust  in  the  region 
of  the  Peter  I  Range,  obtained  from  seismological  data,  are  in 
good  agreement  with  the  geological  data  obtained  by  an  entirely 
different  method  (see  Chapter  8). 


Fig.  20.  Generalized  vertical  hodograph  along  northern- station 
line  1955-1957  observations,  a)  «  Vgf,  km/ sec. 

Figure  20  shows  a  vertical  hodograph  which  generalizes  the 
most  reliable  data  for  the  Garni  district.  This  hodograph  applies 
to  both  sectors  (Fig.  19,  a)  of  the  northern  group  of  stations 
and  includes  the  1957  observations  in  addition  to  the  1955-1956  ob- 
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servations.  In  the  construction  of  this  hodograph  use  was  made  of 
the  transparent  grids  of  the  theoretical  seismological  hodographs 
(somewhat  refined),  as  well  as  of  the  prospecting  hodographs.  The 
mean  error  in  the  determination  of  the  coordinates  of  the  observed 
point  on  this  hodograph  does  not  exceed  2  to  3  per  cent,  so  that 
the  construction  accuracy  is  sufficiently  high.  On  this  vertical 
hodograph,  as  well  as  on  the  earlier,  ones,  only  the  strata  velocity 
of  the  "granite"  layer  is  determined  with  complete  reliability;  this 
velocity  was  determined  to  be  6.10  +  0.05  km/ sec.  For  all  intents 
and  purposes,  this  velocity  coincides  with  the  discontinuity  vel¬ 
ocity  determined  from  the  horizontal  hodographs  (§1).  In  addition, 
the  vertical  hodograph  for  the  surface  zone  clearly  shows  a  de¬ 
crease  in  velocity.  However,  strata  velocities  inherent  in  the 
"basalt"  layer  are  not  detected  to  depths  of  the  order  of  35  km. 
Unfortunately,  the  small  number  of  earthquake  foci  in  the  depth 
range  of  from  30  to  40  km  and  the  complete  absence  of  such  foci 
at  depths  beyond  40  km  makes  it  impossible  to  obtain  sufficiently 
reliable  data  on  the  strata  velocity  for  the  depths  between  the 
Mohorovicic  discontinuity  (which  here  lies  at  a  depth  of  45  to  50 
km)  and  the  most  reliable  points  of  the  vertical  hodograph, 
corresponding  to  a  depth  of  35  kilometers.  This  leaves  unre¬ 
solved  for  this  region,  the  problem  of  the  absence  or  existence 
of  a  layer  with  "basalt"  velocity,  and  here  this  layer  can,  ap¬ 
parently,  have  only  a  comparatively  limited  thickness. 

Within  the  limits  of  the  layer  with  a  velocity  of  Vp  5  6.1 
km/sec,  the  hodograph  (Fig.  20)  shows  no  deviations  in  the  points 
which  would  confirm  the  existence  of  the  layer,  suggested  by  B.  Gut¬ 
enberg,  exhibiting  a  low  velocity  in  the  lower  portions  of  the 
granite  layer. 


Insofar  as  a  drop  in  velocity  close  to  the  surface  is  con¬ 
cerned,  a  drop  which  is  clearly  exhibited  or.  all  of  the  cited 
vertical  hodographs,  this  fact  has  been  well  established  for  the 
Earth's  crust  both  by  means  of  seismological-prospecting  projects 
carried  out  throughout  a  great  many  districts  in  the  USSR  (see, 
for  example,  [39,  42])  and  other  countries,  as  well  as  from  lab¬ 
oratory  experiments  on  the  study  of  change  in  velocities  Vp  in 
various  rocks,  with  increasing  pressure  ([43]  etc.)*  However,  this 
is  also  indicated  by  the  high  values  of  the  outcrop  angles,  said 
values  obtained  at  all  stations  of  the  expedition,  regardless  of 
the  points  at  which  the  stations  were  situated  with  respect  to 
the  epicenter  (see  Chapter  4).  The  over-all  reduction  in  velo¬ 
cities  V  on  the  line  to  the  surface  of  the  Earth  in  the  zone  of 
P 

small  depths  can  take  place  both  comparatively  gradually  as  well 
as  in  sudden  jumps  -  in  the  case  of  pronounced  changes  in  compo¬ 
sition,  and  sometimes  in  the  state  of  the  rocks.  Sharp  velocity 
jumps  in  this  zone  (Fig.  19)  and  their  gradual  reduction  (Fig.  20) 
are  shown  only  conditionally:  the  accuracy  of  determination  does 
not  make  it  possible  to  choose  a  given  version  here. 

The  above-described  results,  obtained  in  the  Garm  district, 
represent  the  first  attempt  to  use  the  method  involving  trans¬ 
parent  grids  of  theoretical  hodographs  and  the  method  of  vertical 
hodographs  for  the  direct  determination  of  strata  velocities  in 
the  Earth* 8  crust  on  the  basis  of  earthquake  observations. 

Vertical  Hodograph  for  the  Pamlro-Glndukush  Zone 

The  operating  region  of  the  expedition  Is  situated  close  to 
the  epicentral  zone  of  the  Pamiro-Gindukush  earthquakes,  the  focal 
depths  of  which  attain  values  of  300  km.  It  was  regarded  as  possi¬ 
ble  to  construct  a  vertical  hodograph  for  these  earthquakes  by  using 


the  same  method.  The  interest  in  the  determination  of  strata  vel¬ 
ocities  and  the  direct  determination  of  the  velocity  structure  of 
the  subcrustal  layer  in  general  is,  from  the  geophysical  standpoint, 
obvious.  To  carry  out  this  project,  the  expedition  undertook  special 
seismic  observations  in  Pamir. 

Close  to  the  epicentral  zone  of  the  Pamiro-Gindukush  earth¬ 
quakes,  there  is  situated  the  Khorog  seismic  station  of  the  cen¬ 
tral  Asian  region  network.  To  the  north,  there  are  stations  be¬ 
longing  to  the  expedition  that  are  equidistant  from  the  deep-focus 
earthquakes.  Farther  north,  there  are  the  seismic  stations  of  the 
Fergana  Valley,  which  are  approximately  400-500  km  from  the  epi¬ 
central  zone.  Such  a  distribution  of  stations  is  not  favorable  for 
the  processing  of  observations  in  accordance  with  the  method  de¬ 
scribed,  since  in  this  case  it  would,  for  all  intents  and  purposes, 
be  possible  only  to  obtain  three  individual  points  or  dense  clus¬ 
ters  of  points  on  the  transparent  grid  of  the  theoretical  hodo- 
graphs.  Therefore,  the  expedition  provided  for  the  recording  of  the 
earthquakes  under  investigation  at  an  additional  two  points  in 
Pamir:  at  Vanch  and  Rushan.  Near  these  two  populated  areas,  mobile 
seismic  stations,  mounted  on  trucks,  were  set  up  in  September  1957. 
The  distances  between  the  stations  Khorog,  Rushan,  Vanch,  and  Garm 
were  approximately  identical.  In  the  interval  between  the  stations 
Garm  and  Vanch,  closer  to  Garm,  we  find  the  station  Tovil'-Dora. 

The  line  of  five  stations  is  terminated  on  the  east  by  the  Dzhir- 
gatal 1  station,  and  in  the  west  by  the  stations  of  the  Stalinabad 
division  of  the  TKSEj  as  a  result,  it  was  possible  to  carry  out 
the  processing  of  the  observations  with  a  sufficient  degree  of 
accuracy,  said  observations  having  the  purpose  of  obtaining  a 
vertical  hodograph,  although  this  observation  system  provided  only 
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for  onesided  positioning  of  the  line  with  respect  to  the  epicen- 
tral  zone.  Figure  21  shows  the  positioning  of  the  expeditionary 
stations  and  the  regional  network,  as  well  as  the  position  of 
the  earthquake  epicenters  which  were  employed  for  the  construc¬ 
tion  of  the  vertical  hodograph. 

The  earthquake  epicenters  were  determined  once  again  by 
means  of  transparent  isochrone  grids  (see  §  3)»  All  of  the  de¬ 
terminations  according  to  the  transparent  grid  of  the  theoretical 
hodographs  were  carried  out  six  times  by  independent  observers; 
the  average  values  of  the  six  observations  were  plotted  on  the 
hodograph.  An  estimate  of  the  accuracy  in  the  determination  of 
V  and  h  indicates  that  the  errors  do  not  exceed  3-5  per  cent  for 
earthquakes  with  a  focal  depth  of  from  100  to  175  km  and  do  not 
exceed  5-6  per  cent  for  deeper  earthquakes.  Tne  determination  of 
the  depth  and  of  t^  were  carried  out  with  respect  to  the  time  dif¬ 
ference  t  -  t.  The  values  of  the  velocity  ratio  V _/V  of  the 
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longitudinal  and  transverse  waves  were  preliminarily  determined 
for  all  earthquakes  according  to  the  V/adati  curve.  For  earthquakes 
with  depths  ranging  from  100  to  200  km,  this  ratio  turned  out  to 
be  equal  to  1.73  +  0.03,  whereas  for  deeper  earthquakes,  the  fig¬ 
ure  was  1.77  +  0.02.  A  change  in  the  velocity  ratio  takes  place 
at  a  depth  of  from  200  to  220  km,  said  change  occurring  in  the 
form  of  a  jump.  The  resultant  values  for  the  velocity  ratios  were 
also  used  for  the  selection  of  the  origin  on  the  theoretical  trans¬ 
parent  grids.  In  the  processing,  both  the  prospecting  transparent 
grid  (Fig.  18)  and  the  transparent  grid  intended  for  earthquakes 
(Fig.  17)  were  used. 

The  resultant  vertical  hodograph  Is  depicted  in  Fig.  22.  Points 
from  the  vertical  hodograph  shown  in  Fig.  20  and  for  the  Kulyaba 


Fig.  21.  Position  of  deep  Pamiro-Gindukush  earth¬ 
quake  epicenters,  used  for  the  construction  of 
the  vertical  hodograph.  l)  TKSE  seismic  station; 

?)  seismic  stations  of  the  regional  network;  a) 
depth  of  earthquake  foci. 

earthquake  of  5  October  1957  have  been  plotted  on  the  same  hodo¬ 
graph;  the  epicenter  and  depth  of  the  Kulyaba  earthquake  were  de¬ 
termined  with  a  high  degree  of  reliability.  Such  coincidence  for 
the  vertical  hodographs  obtained  in  various  regions  where  the 
structure  of  the  Earth's  crust  may  be  varied,  of  course,  makes  it 
possible  to  obtain  only  a  general  picture  of  the  velocity  structure 
of  the  Earth,  to  rather  great  depths  (of  the  order  of  250  km)  in 
the  subcrustal  layer,  but  it  was  precisely  this  which  was  of  in¬ 
terest  in  the  given  investigation. 

The  cross  section  of  the  subcrustal  layer,  obtained  according 
to  the  vertical  hodograph,  yields  the  following  values  for  the 
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Fig.  22.  Vertical  hodograph  for  Pamir,  constructed 
on  the  basis  of  deep  Pamiro-Gindukush  earthquakes,  a) 

VVef'  km/sec;  b)  Garm  sector. 

strata  velocities  of  longitudinal  waves.  Close  to  the  underside  of 
the  crust  and  up  to  a  depth  of  150  to  175  tan#  the  velocity  is 
8.0  to  8.1  km/sec.  From  this  depth,  we  note  a  sector  with  reduced 
velocity  of  the  order  of  7-7  to  7-8  km/sec.  At  a  depth  of  approx¬ 
imately  220  km,  we  note  an  increase  in  velocity,  possibly  up  to 
9.0  to  10.0  km/ sec.  Since  this  sector  is  not  supported  with  a 
sufficient  number  of  points  at  great  depth,  we  can  speak  of  this 
change  in  velocity  and  the  presence  here  of  a  discontinuity  only 
in  hypothetical  terms.  The  results  are,  as  yet,  only  the  first  at¬ 
tempt  at  processing  the  earthquakes.  The  depth  limitations  of  earth¬ 
quakes  in  the  Pamiro-Gindukush  zone  make  it  difficult  to  obtain 
reliable  data  for  great  depths  here.  Apparently,  the  best  result 


may  be  anticipated  from  the  observations  of  deep  earthquakes  in 
the  Pacific  Ocean  belt. 

For  an  additional  check  on  the  data  obtained  as  to  the 
existence  of  a  separation  boundary  at  a  depth  of  220  km,  longi¬ 
tudinal  waves  were  used  to  construct  horizontal  hodographs.  For 
this  purpose,  three  earthquakes  were  employed:  25  May  1955,  at 
12:28  hours;  9  September  1955*  at  21:46  hours;  and  5  March  1956, 
at  07:12  hours.  Ihe  coordinates  of  these  earthquakes  were  taken 
from  the  bulletins  of  the  seismic  networks  of  the  USSR  and  Czecho¬ 
slovakia.  The  utilization  of  these  earthquakes  has  the  advantage 
that  their  foci  are  situated  in  the  east  (in  China)  and  lie  approx¬ 
imately  along  the  line  of  the  stations  of  the  Tadzhik  TKSE  network. 
Therefore,  inaccuracies  in  the  determination  of  the  epicenters  of 
these  earthquakes  will  have  no  effect  on  the  magnitude  of  the 
apparent  velocities,  determined  according  to  the  hodograph.  The 
distance  from  the  epicenters  of  all  three  earthquakes  to  the  first 
eastern  station  (Dzhirgatal')  is  500  to  600  km.  According  to  cal¬ 
culations,  it  is  approximately  at  these  distances  that  the  head- 
wave  from  the  layer  at  a  depth  of  220  km  must  be  initiated  in  the 
first  arrivals.  And  indeed,  in  the  sector  of  the  summary  hodograph 
of  these  three  earthquakes,  on  the  line  Dzhirgatal '-Gissar,  a  wave 
with  a  velocity  of  9*6  km/sec  is  observed.  In  the  second  arrivals, 
we  can  note  with  sufficient  accuracy  (on  the  basis  of  the  earthquake 
of  5  March  1956)  a  wave  with  a  velocity  of  7*9  km/sec,  said  velo¬ 
city  corresponding  to  the  velocities  of  the  head  waveB  from  the 
Mohorovicic  discontinuity.  For  purposes  of  checking  these  data, 
the  earthquake  of  5  October  1957  was  also  employed.  For  this  earth¬ 
quake  a  hodograph  of  the  reflected  longitudinal  wave  was  constructed 
on  the  basis  of  the  clear  arrivals.  This  hodograph  coincides  well 


wit:,  the  theoretically  calculated  hodograph  of  the  reflected  wave 
from  this  same  discontinuity. 

If  by  way  of  experiment  the  vertical  hodographs  of  shallow 
earthquakes  in  the  Garm  district  and  of  deep  Pamiro-Gindukush 
earthquakes  are  made  to  coincide,  and  if  we  assume  the  absence 
of  a  "basalt"  layer,  the  intersection  of  the  branches  of  these 
hodographs,  with  velocities  of  6  and  8  km/sec,  will  determine 
the  thickness  of  the  Earth's  crust  in  the  region  of  central  Pamir. 
The  data  thus  obtained  indicate  that  the  thickness  of  the  crust 
here  must  be  ^5  +  5  km,  and  this  is  close  to  the  values  obtained 
in  accordance  with  the  longitudinal  hodographs  for  the  Garm  dist¬ 
rict.  The  assumption  of  the  presence  of  a  "basalt"  layer  led  to 
greater  values  for  the  thickness  of  the  crust  for  central  Pamir. 

It  is  Interesting  to  note  that  these,  as  yet,  coarse  approximate 
constructions  will,  nevertheless,  lead  to  sufficiently  reasonable 
result 8. 

Thus  the  example  of  processing  deep  Pamiro-Gindukush  earth¬ 
quakes  demonstrated  the  practical  possibility  of  the  direct  de¬ 
termination  of  strata  velocities  in  the  ground  by  this  method,  not 
only  for  the  Earth's  crust,  but  for  the  subcrustal  layer  as  well. 
We  may  anticipate  that  the  introduction  of  this  method  into  prac¬ 
tical  seismology  will  enable  us  markedly  to  expand  and  refine 
our  knowledge  as  to  the  velocity  structure  of  the  Earth  in  this 
important  depth  zone,  where  earthquake  foci  are  encountered. 

§  3.  Method  for  the  Determination  of  Position  of  Earthquake  Foci 
General  Characteristic  of  Methods  Used  to  Determine  Focal  Coordin¬ 
ates 

In  all  8eismological  investigations,  the  primary  goal  is  the 
determination  of  the  epicentral  coordinates  (x,  y)  and  the  focal 
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depth  (h)  of  the  earthquakes.  These  magnitudes  are  initial  data 
for  all  further  operations.  It  is  evident  that  all  subsequent 

« 

constructions  and  conclusions  depend  in  great  measure  on  the 
reliability  of  the  results  obtained  in  the  determination  of  these 
quantities.  The  process  involved  in  the  determination  of  the  basic 
geometric  quantities  x,  y,  and  h  is  extremely  laborious.  In  view 
of  all  of  this,  particular  significance  has  always  been  placed  on 
the  selection  of  efficient  methods  for  the  determination  of  focal 
coordinates. 

Let  us  take  a  brief  look  at  the  methods  used  in  seismology  for 
the  determination  of  focal  coordinates,  or  to  be  more  precise,  for 
the  determination  of  the  coordinates  of  the  hypocenter.  These  meth¬ 
ods  can  conventionally  be  divided  into  three  groups. 

1.  The  methods  for  which  use  knowledge  of  the  propagation 
velocities  of  elastic  waves  in  the  region  being  studied  is  not 
required  (said  methods  sometimes  inappropriately  referred  to  as 
"objective  methods,"  as  if  all  remaining  methods  were  "subjective"). 
Of  these,  the  Wadati  [44]  method  is  regarded  as  classical.  In  re¬ 
cent  years,  other  methods  have  been  proposed:  an  epicentral  method 
[45],  Yevseyev's  method  [46],  and  an  isochrone  or  mean-line  method 
[47].  We  can  also  include  in  this  group  the  method  which  involves 
the  determination  of  the  epicenter  according  to  the  azimuth  of  the 
first  arrival,  said  method  proposed  in  1910  by  Academician  B. B.  Gol¬ 
itsyn  and  subsequently  developed  in  the  work  carried  out  by  Acade¬ 
mician  G. A.  Gamburtsev  [48],  the  latter's  work  devoted  to  the  corre¬ 
lation  method  of  studying  earthquakes.  An  evaluation  of  the  accur- 

)  acy  of  the  methods  included  in  this  group  is  undertaken  in  the 

following  works  [49-51]. 

2.  The  methods  for  whose  use  it  is  necessary  to  know  the 
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velocities  of  seismic  waves  in  the  region  being  studied.  These 
methods  include  the  hyperbolic  method,  the  Kaloi,  Isikava,  and 
Inglad  method  [34],  as  well  as  the  hypocentral*  method  152].  We 
can  also  include  in  this  group  the  intersection  method  with  a 
given  hodograph.  An  evaluation  of  the  accuracy  of  this  intersection 
method  is  presented  in  the  work  [53 ]• 

The  above-enumerated  methods  are  based  on  the  assumption  that 
the  medium  being  studied  is  either  uniform  or,  in  certain  cases, 
horizontally  stratified.  # 

3.  The  third  group  of  methods  includes  those  which  take  into 
consideration  the  horizontal  nonuniformity  of  the  structure  of 
the  medium  in  the  region  being  studied.  These  include:  the  re¬ 
duction  method  [54],  and  the  method  of  iso-surfaces  after  S. S.  An¬ 
dreyev  [55].  It  makes  sense  to  use  these  methods  when  the  velocity 
structure  of  the  medium  is  known  to  a  high  degree  of  accuracy.  The 
graphic  analytical  method  [3]  can  also  be  included  in  this  group, 
and  to  employ  this  method  we  need  not  know  the  velocities  in 
the  region  being  studied.  However,  this  method  is  restricted  in  its 
application,  since  it  requires  a  specific  system  for  the  position¬ 
ing  of  the  stations  relative  to  the  separation  boundary  for  two 
media  and  since  it  necessitates  rather  cumbersome  and  laborious 
calculations.  Ihe  latter  circumstance  makes  it  little  suited  for 
mass  processing. 

Methods  based  on  the  assun?>tion  that  velocities  are  constant, 
in  essence,  represent  a  variety  of  methods  for  the  solution  (gen¬ 
erally  graphically)  of  the  system  of  equations 

(*  -  *,)*  -  (y  -  yt)»  -f  (ft  -  **)*  -  (1) 

where  x,  y,  h  are  the  coordinates  of  the  focus,  x^,  y^,  are  the 


coordinates  of  the  ith  station,  t^  is  the  time  required  for  the 
wave  to  reach  the  ith  station,  and  V  is  the  propagation  velocity 
of  a  specific  type  of  wave.  All  of  the  graphical  methods  of  solving 
the  system  of  equations  can  be  reduced  to  the  successive  processing 
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of  observations  from  several  pairs  of  stations,  as  a  result  of 
which  the  earthquake  epicenter  is  determined  as  the  intersection 
of  any  lines:  a  hyperbola,  a  cord  of  the  circumference,  etc.  This 
system  of  equations,  generally  speaking,  may  be  solved  analytical¬ 
ly;  however,  in.  view  of  the  cumbersome  calculations  required,  anal¬ 
ytical  methods  have  found  almost  no  application  in  practice. 

A  shortcoming  of  the  graphic  methods  is  the  impossibility  of 
carrying  out  the  following  operations:  a)  to  process  Jointly  and 
simultaneously  all  of  the  similar  observation  data,  including  ex¬ 
cess  data;  b)  easily  to  evaluate  the  coincidence  of  all  observation 
data,  to  select  and  reject  those  data  which  contain  serious  errors; 
c)  to  evaluate  the  consistency  and  accuracy  of  the  results;  d)  to 
process  the  observations  simply  and  efficiently,  which  is  a  point 
of  particular  importance  in  the  processing  of  mass  material. 

Under  the  conditions  of  high  seismicity  in  the  Garm  district 
and  the  great  magnification  of  the  seismic  equipment,  the  stations 
of  the  expedition  recorded  tens  of  earthquakes  per  day.  Existing 
methods  were  inadequate  to  process  this  material  with  the  required 
efficiency  and  accuracy.  Therefore,  a  special  method  was  developed 
for  the  primary  use  of  the  expedition,  said  method  involving  trans¬ 
parent  isochrone  grids,  and  this  method  was,  for  the  most  part, 
devoid  of  the  above-enumerated  shortcomings,  and  what  is  most 
important,  it  provided  for  sufficient  efficiency  and  accuracy  in 
the  processing  of  the  observation  data.  This  method  was  proposed 
by  Yu.  V.  Rlznichenko  [41]  for  the  case  of  a  uniform  or  horizontally 
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stratified  medium.  Under  the  conditions  prevailing  in  the  Garm 
region,  in  the  presence  of  pronounced  nonuniformities  in  the 
medium,  in  the  horizontal  direction,  (close  to  the  vertical  bound¬ 
ary  of  separation),  it  was  necessary  to  generalize  the  method  for 
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the  case  of  an  arbitrary  structure  of  the  medium. 

We  will  dwell  briefly  on  the  essence  of  this  method  and  its 
application  for  various  structures  of  the  medium,  in  particular  in 
its  application  in  the  Garm  district. 

The  Isochrone  Method  for  a  Uniform  Medium 

Let  us  consider  a  uniform  half- space,  for  which  the  propa¬ 
gation  velocity  of  seismic  waves  is  known.  The  earthquake  focus 
will  be  assumed  as  given  by  coordinates  x,  y,  and  z  =  h.  In  this 
case,  as  any  value  of  h*  it  becomes  possible  to  calculate  the 
longitudinal  hodographs  of  straight-line  waves  at  the  boundary 
of  the  half  space.  As  is  well  known,  these  hodographs  for  various 
focal  depths  will  make  up  a  set  of  hyperbolas.  The  isochrones  of 
the  time  field  within  the  half  space  will  be  spheres  or  exhibit 
spherical  surfaces,  and  at  the  boundary  of  the  half  space,  concen¬ 
tric  circles  with  their  centers  at  the  epicenter  of  the  earthquake. 
Evidently,  a  change  in  focal  depth  will  result  in  a  corresponding 
change  in  the  radius  of  the  circle  (Pig.  23). 

The  set  of  concentric  circles  of  the  isochrone  for  various 
focal  depths,  is  constructed  on  tracing  paper  or  any  other  type 
of  transparent  material,  to  the  scale  of  the  chart  being  employed, 
and  will  serve  as  the  transparent  grids  for  the  determination  of 
the  position  of  the  earthquake  epicenter  and  the  focal  depth. 

The  transparent  isochrone  grids,  generally  speaking,  can  be 
constructed  by  using  velocities  Vp,  Vg,  Vf  for  longitudinal  P, 
transverse  S,  or  fictitious  (tg  -  tp)  waves.  The  fictitious  vel- 


ocity  is  determined  by  the  following  formula: 

y  V«S 
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In  all  subsequent  considerations  we  will  regard  the  velocity  V  as 
being  precisely  the  velocity  of  the  fictitious  waves  and  this 
velocity  will  be  employed  for  the  construction  of  the  transparent 
grid.  This  is  associated  with  the  fact  that  at  small  epicentral 
distances  (up  to  50  to  70  km)  the  difference  between  the  instants 
of  arrivals  for  longitudinal  and  transverse  waves  can,  in  the 
majority  of  cases  be  obtained  with  the  highest  accuracy. 

The  selection  of  the  depth  intervals  in  the  construction  of 
the  transparent  grids  must  be  based  on  the  true  accuracy  of  the 
determination  of  the  depths,  and  this  depends  on  the  density  of  the 
seismic-station  network,  the  positions  of  the  epicentral  zones 
relative  to  the  stations,  the  accuracy  of  the  time  service,  etc. 

The  techniques  in  working  with  transparent  grids  can  be  re¬ 
duced  to  the  following.  The  transparent  grid  is  superimposed  on 
the  chart  (on  which  the  seismic  stations  have  been  plotted)  in 
such  a  manner  that  each  seismic  station  coincides  with  the  circle 
that  corresponds  to  the  value  of  tg  -  t^  at  this  station  (Pig.  24.  ). 
When  this  position  is  determined,  the  isochrones  of  the  trans¬ 
parent  grid  coincide  with  the  isochrones  of  the  earthquake- time 
field,  and  the  transparent-grid  center  coincides  with  the  earth¬ 
quake  epicenter  on  the  chart.  It  is  clear  that  if  the  focal  depth 
of  the  earthquake  coincides  with  the  depth  which  we  initially 
used  in  the  construction  of  the  transparent  grid,  such  a  coinci¬ 
dence  will  also  be  possible  in  the  case  of  three  stations  that  do 
not  lie,  separately,  on  a  single  straight  line.  If,  however,  the 
depth  of  the  earthquake  is  different  from  the  depth  which  was  as¬ 
sumed  in  the  construction  of  the  transparent  grid,  such  coincidence 


Fig.  23.  Hodographs  and  transparent-grid 
sectors  of  Isochrones  for  various  focal 
depths  In  a  uniform  medium. 


will  be  completely  impossible.  By  superimposing  transparent  grids 
for  various  depths  on  the  chart,  we  can  find  the  depth  for  which 
such  coincidence  is  possible,  and  in  this  way  we  determine  the 
position  of  the  epicenter  and  the  focal  depth.  In  practical  work, 
when  we  generally  have  to  deal  with  an  excessive  number  of  data 
(when  there  are  more  than  three  stations),  the  determination  of 
depth  can  be  reduced  to  the  selection  of  the  particular  transpar¬ 
ent  grid  for  which  it  is  possible  to  obtain  the  best  agreement 
between  the  data  received  from  the  various  stations. 

The  basic  advantage  of  the  transparent-grid  isochrone  method 
is  its  efficiency  and  lack  of  difficulty:  in  using  transparent 
grids,  there  is  no  longer  any  need  to  carry  out  any  calculations 
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or  to  perform  any  graphical  constructions. 
Moreover,  the  isochrone  method  makes  it 
possible  to  determine  the  extent  of  agree¬ 
ment  between  all  of  the  data,  and  to  re¬ 
ject  those  of  the  data  which  contain  gross 
errors.  It  is  also  hot  difficult  to  deter¬ 
mine  any  systematic  variance  in  data  from 
individual  stations,  said  variance  possi¬ 
bly  related  to  the  nonunifoimity  of  the 
structure  at  specific  sectors  in  the  re¬ 
gion  under  investigation. 

The  Isochrone  Method  for  a  Nonuniform 
Medium 

Given  a  horizontal-stratification  struc 
ture  of  the  medium,  the  time  field  will  no 
longer  be  spherical,  but  the  isochrones  at  the  surface  will  remain, 
as  before,  concentric  circles.  If  the  velocity  cross  section  of 
the  operating  district  has  been  determined,  for  example,  by  means 
of  vertical*  or  longitudinal  hodographs.  It  will  be  possible  to 
construct  the  time  field  for  the  foci  situated  at  various  depths. 

Hie  cross  section  of  these  time  fields  at  the  surface  will  serve 
as  the  isochrone  transparent  grids  for  the  determination  of  focal 
positions,  and  here  the  technique  of  working  with  transparent 
grids  remains  the  same  as  in  the  case  for  a  uniform  medium. 

We  encounter  a  different  situation  if  there  are • nonuniformi¬ 
ties  in  the  medium  not  only  in  a  vertical  direction  (horizontal 
stratification),  but  in  the  horizontal  direction  (for  example, 
vertical  or  inclined  boundaries  of  separation  in  the  form  of  planes 
or  surface  curves).  In  this  case,  the  shape  of  the  Isochrone  will 


Fig.  24.  Diagram  of 
operations  with 
isochrone  transpar¬ 
ent  grid. 
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change  as  the  seismic  ray  intersects  the  boundary  of  separation. 

If  the  focus  and  the  observation  station  are  on  one  side  of  the 
boundary  of  separation,  the  isochrone  system  will  correspond  to  a 
uniform  medium;  if,  however,  the  focus  and  the  observation  station 
are  situated  on  opposite  sides  of  the  boundary,  the  time  field 
will  depend  not  only  on  the  focal  depth  but  on  the  position  (x,  y) 
of  the  epicenter.  In  other  words,  for  various  foci,  situated  at 
one  and  tne  same  depth,  but  bn  opposite  sides  relative  to  the 
boundary  of  separation,  the  isochrone  system  will  be  varied. 

In  order  to  construct  a  transparent  grid  In  this  case,  said 
grid  to  be  useful  for  the  determination  of  the  epi central  position 
at  any  point  in  the  region  being  studied,  we  will  use  the  principle 
of  reciprocity.  We  will  assume  that  the  point  coinciding  with  the 
seismic  station  is  itself  a  source  of  the  perturbation.  We  will 
construct  a  time  field  for  this  fictitious  source.  This  field  char¬ 
acterizes  the  time  required  for  the  wave  to  cover  the  distance  be¬ 
tween  the  fictitious  focus  and  any  point  in  the  medium  and  back 
from  any  point  to  the  given  station. 

Let  us  consider  a  case  in  which  the  boundary  of  separation 
takes  the  form  of  the  vertical  plane  MN,  separating  region  I,  where 
velocity  V  =  V^,  from  the  region  II,  where  velocity  V  =  Vg  (Pig. 
25).  For  the  sake  of  determlnacy,  we  will  assume  that  Let 

there  be  four  seismic  stations,  each  in  a  different  position  rela¬ 
tive  to  the  boundary  of  separation:  station  A  in  region  I;  station 
B,  at  the  boundary  of  separation;  stations  C  and  D,  in  region  II, 
all  at  various  distances  from  the  boundary  of  separation.  Situating 
the  fictitious  focus,  successively,  at  the  points  where  the  seismic 
stations  are  located,  we  will  construct  the  time  fields  for  these 
sources  (Fig.  25). 
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Fig.  25.  Time  fields  for  stations  A,  B,  C, 
and  El  Fine  lines  represent  straight-line 
waves;  bold- face  lines  represent  refracted 
waves;  dashed  lines  represent  head  waves. 

Let  us  take  one  of  the  time  fields  constructed  on  the  tracing 
paper;  for  example,  let  us  take  the  set  of  isochrones  for  station 
C.  Let  us  position  this  field  on  a  chart  of  the  region,  said  field 
naturally  drawn  to  the  same  scale,  and  then  we  will  line  up  the 
transparent  grid,  keeping  the  lines  MN  on  the  chart  and  on  the 
transparent  grid  parallel.  We  will  select  some  arbitrary  point  0 
(epicenter)  on  the  chart.  Then  we  will  turn  the  transparent  grid 
180°  in  the  horizontal  plane  (about  its  vertical  axis),  i.e. ,  so 
that  the  line  NM  on  the  transparent  grid  again  becomes  parallel 
to  the  line  MN  on  the  chart.  Then,  by  parallel  translation  (without 
rotation)  we  will  cause  the  center  of  the  transparent  grid  to  coin¬ 
cide  with  the  arbitrarily  selected  point  0. 

In  accordance  with  the  principle  of  reciprocity,  the  time 
required  for  the  wave  to  move  between  the  focus  and  the  station, 
in  this  case,  remains  the  same  and  this  means  that  station  C  lies  on 
the  isochrone  corresponding  to  the  time  required  for  the  wave  to 

move  from  this  focus  to  station  C,  although,  generally  speaking,  the 
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isochrones  of  the  transparent 
grids,  in  this  case,  do  not  coin¬ 
cide  with  the  isochrones  for  the 
time  fields  of  the  focus.  In  oth¬ 
er  words,  if  only  the  time  field 
(turned  through  an  angle  of  180° ) 
of  any  station  is  subjected  to 
parallel  translation  on  the 
chart,  the  given  station,  in  this 
case,  will  always  lie  on  the  iso¬ 
chrone  which  corresponds  to  the 
time  required  for  the  wave  to 
pass  to  this  station  from  the 
epicenter  which  is  coincident 
with  the  translated  time  field. 
What  has  been  said  above  is  valid 
for  any  position  of  the  epicenter,  but  only  for  the  given  station. 

In  order  to  make  use  of  the  data  from  all  stations  simultan¬ 
eously,  parallel  translation  must  be  employed,  i.e. ,  without  rota¬ 
tion,  to  cause  the  centers  of  the  time  fields  of  various  stations 
to  coincide,  and  then  execute  a  180°  turn.  This  plotting  of  several 
(in  terms  of  the  number  of  existing  stations)  isochrone  systems  may 
serve  as  the  transparent  grid  for  the  determination  of  the  position 
of  the  epicenter  at  any  given  point  in  the  given  region.  Each  sta¬ 
tion  produces  its  "own"  isochrone  system  with  such  a  transparent 
grid.  With  the  utilization  of  a  transparent  grid,  each  station 
must  be  made  to  coincide  with  the  corresponding  isochrone  of  its 
system  (i.e.,  obtained  by  turning  the  time  field  of  this  station). 
Since  the  isochrones  in  a  nonuniform  medium  are  not  circles,  the 
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Fig.  26.  Coincidence  of  time 
fields  for  various  stations. 
Thin  lines  represent  the  iso¬ 
chrones  of  stations  A  and  B; 
dashed  lines  represent  the 
isochrones  for  the  station  C; 
and  the  bold-face  line  rep¬ 
resents  the  isochrone  for 
station  D. 

u  «  Tsentr  =  Center 


transparent  grid  may  not  be 
turned,  but  must  be  subjected 
to  a  parallel  translation.  For 
this,  in  the  construction  of 
the  time  fields,  some  direc¬ 
tion  line  must  be  marked  both 
on  the  chart  and  on  the  trans¬ 
parent  grid  and  care  must 
then  be  taken  so  that  these 
lines  are  kept  parallel  on 
the  chart  as  well  as  on  the 
transparent  grid.  This  line 
may  be  a  meridian  or  the 
known  vertical  boundary. 

A  transparent  grid  con¬ 
sisting  of  a  system  of  sever¬ 
al  superimposed  time  fields  is  difficult  to  read.  It  is  more  con¬ 
venient  to  construct  individual  transparent  grids  for  the  determina¬ 
tion  of  foci  in  various  regions,  i.e.,  on  one  or  another  side  of 
the  boundary  of  separation.  As  an  example,  let  us  undertake  a  de¬ 
tailed  examination  of  the  transparent  grid  for  the  determination 
of  the  foci  situated  in  region  I,  with  the  stations  positioned  as 
indicated  as  in  Fig.  25.  For  simplicity,  we  will  assume  that  para¬ 
meter  h  is  equal  to  0. 

The  construction  of  the  transparent  grid  is  handled  in  the 
following  sequence.  The  center  of  the  final  transparent  grid  -  point 
U  -  is  marked  on  the  tracing  paper,  and  the  straight  line  M'N'  (Fig. 
26)  is  drawn  through  this  point.  Then  point  U  on  the  tracing  cloth 
is  made  to  coincide  with  the  center  of  the  time  field  of  one  of 


Fig.  27.  Example  of  determination 
of  epicenter,  by  means  of  trans¬ 
parent  isochrone  grid  for  nonuni¬ 
form  medium.  Isochrone  denotations 
the  same  as  in  Fig.  26.  Tne  dif¬ 
ference  tg  -  tp  (in  seconds):  for 

seismic  station  A,  2.6;  B,  3. 9» 

C,  3.4;  D,  8.0. 
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the  stations  -  for  example,  station  C  -  so  that  the  straight  line 
M ' N 1  is  parallel  to  the  boundary  of  separation  MN,  and  that  por¬ 
tion  of  the  time  field  cfr  station  C,  which  lies  within  the  limits 
of  the  selected*  sector  is  transferred  to  the  tracing  cloth;  in 
this  particular  case,  the  selected  sector  is  the  region  I  (with 
the  use  of  transparent  grids,  these  isochrones  are  employed  for 
purposes  of  coincidence  with  station  C).  Then,  by  means  of  paral¬ 
lel  translation,  the  tracing  cloth  is  successively  superimposed  on 
the  time  fields  of  other  stations,  and  point  u  is  made  to  coincide 
with  the  centers  of  these  time  fields,  and  while  the  straight  line 
M'N'  and  the  boundary  of  separation  MN  are  kept  parallel,  those 
sectors  of  each  of  the  time  fields  which  pertain  to  the  region  I 
are  plotted  on  the  tracing  cloth,  with  conventional  denotations. 

It  is  clear  that  the  isochrones  in  this  sector,  for  stations  A  and 
B,  will  be  the  same  as  for  a  uniform  medium  in  which  the  velocity 
V  =  V^,  whereas  for  stations  C  and  D  the  shape  of  the  isochrones  is 
not  that  of  a  circle.  The  isochrone  system  thus  obtained  is  shown 
in  Pig.  26.  To  convert  this  system  into  a  transparent  grid  for  the 
determination  of  epicenters,  we  need  only  turn  it  through  an  angle 
of  180°  in  the  plane  of  the  drawing. 

Ihe  determination  of  the  position  of  the  epicenters,  said  de¬ 
termination  accomplished  by  means  of  the  transparent  grid  that  we 
obtained,  is  handled  in  the  following  manner.  The  transparent  grid 
is  superimposed  on  the  chart  and  moved  along  the  chart,  keeping  the 
boundary  of  separation  on  the  chart  and  the  straight  line  N'M'  on 
the  transparent  grid  parallel.  In  this  case,  and  in  this  case  alone, 
as  each  station  on  the  chart  is  made  to  coincide  with  the  Isochrone 
of  the  isochrone  system  for  this  particular  station,  the  center  of 

the  transparent  grid  (pofnt  n),  corresponding  to  a  value  of  t_  -  t_ 
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at  this  station,  will  coincide  with  the  earthquake  epicenter.  Fig¬ 
ure  27  shows  an  example  of  the  determination  of  an  epicenter  by 
means  of  a  transparent  grid.  , 

f Similar  methods  are  employed  for  the  construction  and  appli¬ 
cation  of  transparent  grids  for  the  other  sector  on  the  chart  of 
region  II.  In  the  case  under  consideration,  we  assume  the  depth 
of  the  focus  h  =  0,  i.e.,  we  solved  a  two-dimensional  problem.  In 
order  to  construct  the  transparent  grid  for  a  focal  depth  of  h  =  h. , 
other  than  zero,  it  is,  apparently,  necessary  to  replace  the  iso¬ 
chrone  systems  shown  in  Fig.  26  with  other  systems  which  show  a 
cross  section  of  the  spatial  time  fields  of  several  stations  as  a 
horizontal  plane  lying  at  a  depth  of  h  *  h.. 

A  similar  method  for  the  construction  of  transparent  grids 
may  be  employed  for  any  other  shape  of  the  boundary  of  separation  — 
inclined  planes  or  curved  surfaces  -  as  well  as  with  a  continuous 
change  in  velocity. 

The  Isochrone  transparent  grid  method,  in  this  generalized  fonn, 
may  be  employed  in  cases  in  which  the  stations  are  situated  not  only 
at  the  surface  but  deep  within  the  Earth,  at  depths  comparable  to 
the  focal  depths  (for  example,  in  studying  the  position  of  feeble 
pulses  and  mine  blasts  in  shafts,  where  seismic  receivers  may  be  in¬ 
stalled  not  only  at  the  surface  but  deep  underground). 

Isochrone  Transparent  Grids  for  the  Gam  District 

The  velocity  cross  section  of  the  medium  in  the  Garm  district, 
obtained  from  the  vertical  hodographs  (§  2)  is  close  to  the  case  of 
nonuniformity  which  was  examined  above.  Along  the  axial  portion  of 
the  Peter  I  range  there  is  a  boundary  of  separation  between  the 
mesozolc-cenozolc  sedimentary  layers  (Vf  -  7.2)  to  the  south  and 
the  crystal  bedrock  of  the  range  (Vf  ■  8.3)  to  the  north.  This 
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Fig.  28.  a)  Velocity  cross  section  of  medium  In  Garm 
district;  b  -  d)  time  fields  for  stations  in  verti¬ 
cal  plane;  b)  for  the  Garm  station  or  any  other 
station  of  the  northern  group;  c)  for  the  Ishtion 
station;  d)  for  the  Tovil'-Dora  station.  Isochrones 
f  and  e  of  the  time  fields  in  the  horizontal  plane 
at  depth  h  =  5  tan;  bold-face  lines  represent  the 
isochrones  for  the  time  field  of  a  straight-line 
wave;  the  thin  lines  represent  the  isochrones  of  the 
time  field  for  a  refracted  wave;  and  the  dashed  lines 
represent  the  isochrones  for  the  time  field  of  a 
head  wave:  l)  Isht-T-D  [ Ishtion- Tovil '-Dora] ;  2)  Grm 
[Garm];  3)  Isht  [Ishtion];  4)  T-D  [Tbvil  ’-Dora]. 


boundary  is  steeply  inclined  close  to  the  surface,  and  evens  out 
markedly  at  a  depth  of  8  to  10  km,  thus  forming  a  "step. " 

This  structure  is  schematically  presented  on  the  vertical 
cross  section  of  the  Peter  I  Range  (Fig.  28,  a).  Apparently,  for 
foci  at  a  depth  of  h  <  8  km,  this  cross  section  matches  the  ver¬ 
tical  plane  boundary  whereas  for  foci  with  depths  of  h  >  8  km,  the 
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Fig.  29.  Transparent  grid  for 
the  determination  of  epicen¬ 
ters  throughout  the  Garm  dis¬ 
trict.  h  *  5  km 
Bold-face  lines  represent  the 
Isochrones  for  the  time  field 
of  the  group  of  northern  seis¬ 
mic  stations;  the  thin  lines 
represent  the  isochrones  of 
the  time  field  for  the  Ish- 
tion  and  Tovil'-Dora  stations, 
in  the  region  to  the  north 
of  the  axial  portion  of  the 
Peter  I  range;  the  dashed 
lines  represent  the  isochrones 
for  the  time  field  of  the  Tov¬ 
il'-Dora  station,  in  the  re¬ 
gion  to  the  south  of  the  axial 
portion  of  the  Peter  I  range; 
the  dashed-dotted  (short  dash¬ 
es)  line  represents  the  same 
for  the  Ishtion  station. 


which  the  position  of  the  boundary 


cross  section  is  equivalent  to 
a  uniform  medium  (for  the  north¬ 
ern  stations)  and  to  a  horizon¬ 
tally  stratified  medium  (for 
the  southern  stations).  The  time 
fields  for  the  stations  Garm, 
Tovil’-Dora  and  Ishtion  are  shown 
in  Fig.  28,  b  -  28,  d  for  this 
velocity  cross  section  in  the 
vertical  plane,  and  in  Fig.  28, 
e  -  28,  f  in  the  horizontal 
plane,  at  a  depth  of  h  =  5  km. 

The  northern  group  of 
stations  (Garm,  Yaldymych,  Yan- 
galyk,  Dzhafr,  Nimich,  Chusal, 
Ezhirgatal')  extends  along  the 
boundary  of  separation.  All  of 
these  stations  are  approximately 
equidistant  from  the  boundary, 
but  in  any  case  the  difference 
in  these  distances  falls  within 
the  limits  of  accuracy  with 
has  been  determined.  Therefore, 


the  time  fields  for  the  northern  stations  are  practically  identical. 
The  distances  from  the  stations  of  the  southern  group  (Tovil'-Dora 
and  Ishtion)  to  the  boundary,  show  pronounced  divergence. 

Having  caused  the  three  time  fields  to  coincide  so  that  their 
centers  coincide,  and  having  turned  them  through  an  angle  of  180°, 
we  obtain  a  transparent  grid  (Fig.  29)  that  is  suitable  for  the  de- 
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termination  of  positions  of  epicenters  at  a  depth  of  h  =  5  km, 
throughout  the  entire  Garm  district.  The  transparent  grids  for  a 
depth  of  h  =  5  1®  were  constructed  separately,  in  their  working 
version,  for  epicenters  to  the  north  and  south  of  the  axial  por¬ 
tion  of  the  Peter  I  Range.  Moreover,  several  simplifications  have 
been  introduced  into  these  working  transparent  grids,  said  simpli¬ 
fications  having  as  their  goal  the  more  convenient  reading  of  the 
grids.  Since  the  boundary  of  their  separation  in  our  case  is  flat, 
the  time  fields  of  the  Tovil'-Dora  and  Ishtion  stations  will  be 
symmetrical  relative  to  the  straight  line  passing  through  the 
center  of  the  transparent  grid  and  perpendicular  to  the  boundary 
of  separation.  It  has  therefore  proved  to  be  possible  to  draw  only 
half  the  time  fields  of  these  stations  on  the  transparent  grid, 
and  as  a  result  they  do  not  overlap. 

For  foci  deeper  than  the  thickness  of  the  layer  with  velocity 
Vp  =  5.0  (Vf  =  7.2),  the  transparent  grids  are  simpler,  since  this 
case  approaches  the  case  of  horizontal  stratification.  The  cutting 
of  the  time  fields  (Fig.  28,  c,  d)  with  horizontal  planes  h  =  10, 

15,  20,...,  40  km,  will  yield  circular  isochrones  both  for  the 
northern  as  well  as  for  the  southern  stations.  However,  the  radius 
of  the  corresponding  isochrones  for  the  northern  and  southern  sta¬ 
tions  will  vary  somewhat  as  a  result  of  the  difference  in  the  thick¬ 
ness  of  the  sedimentary  layers  (V  =  5-0),  through  which  the  seismic 
waves  pass  on  their  way  to  the  northern  (thickness  not  more  than  2 
to  3  km)  and  the  southern  (thickness  approximately  8  to  10  km)  sta¬ 
tions.  The  determination  of  focal  depth  is  accomplished  Just  as  in 
the  case  of  a  uniform  medium  by  selecting  the  transparent  grid 
which  yields  the  best  agreement  between  the  data  of  the  various 
stations. 
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Similar  transparent  grids  were  constructed  for  the  Stalina- 
bad  district. 

We  spoke  above  of  the  fact  that  transparent  grids,  as  a  rule, 

•  <4 

are  constructed  for  fictitious  waves,  since  at  small  distances 

the  difference  t_  -  t  is  determined  with  greatest  accuracy.  How- 
•  s  P 

ever,  for  earthquakes  in  individual  districts  (for  example,  the 
Obi-Garm  district),  for  which  extremely  unclear  arrivals  of  trans¬ 
verse  waves  are  characteristic,  it  became  necessary  to  construct 
the  transparent  grids  according  to  times  t  -  t^  (here  t^  is  the 
time  at  the  focus).  In  using  such  transparent  grids,  we  must  know 
the  time  t^  for  the  occurrence  of  the  earthquake.  Generally,  this 
time  is  determined  according  to  the  Wadati  curve.  Knowing  the  mean 
velocity  ratio  between  the  longitudinal  and  transverse  waves 
(k  =  (Vp/Vg)),  obtained  from  a  great  quantity  of  material  for  the 
Gann  district  (k  =  1.73  +  0.02  for  crystaline  rocks  and  k  »  1.78  + 
+  0.02  for  sedimentary  rocks),  we  can  determine  t^  with  sufficient 
reliability  according  to  the  data  of  one  or  two  stations  alone, 

if  the  values  of  t^  and  t  -  t  have  been  determined  for  these  sta- 

P  8  P 

tlons. 

Isochrone  transparent  grids  were  used  for  the  determination 
of  the  hypocenters  of  all  earthquakes  occurring  in  the  Garm,  Obi- 
Gann,  Stalinabad,  and  other  areas  in  which  the  expedition  was  en¬ 
gaged.  During  the  period  from  1955  to  1958,  this  method  was  used 
to  carry  out  approximately  15,000  determinations. 

Transparent  Grids  with  Various  Types  of  Waves 

Isochrone  transparent  grids  can  be  used  successfully  for  the 
determination  of  epicenters  of  so-called  near-by  shallow  earth¬ 
quakes,  i.e.,  earthquakes  situated  at  distances  of  A  ~  100  to 
700  km,  for  example,  in  Central  Asia.  In  this  case,  for  various 
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distances  we  may  employ  various  types  of  waves  which  can  best  be 

distinguished  and  identified  on  the  seismograms.  Thus,  for  example, 

transparent  grids  can  be  constructed  according  to  fictitious  waves 

t  -  t  at  distances  of  A  <  70  km,  and  for  great  distances  we  can 
s  p  — 

use  the  time  difference  t  -  t  for  the  arrival  of  very  in- 

S11  P11 

tensively  reflected  waves.  We  can  construct  transparent  grids  over 
the  arrival  times  of  the  longitudinal  wave  which  arrives  first  (in¬ 
itially  a  straight-line  wave,  then  a  head  wave).  Tne  transparent 
grid  can  be  constructed  of  several  sectors,  each  for  a  certain 
type  of  wave. 

As  an  example  we  will  present  a  transparent  grid  (Fig.  30)  for 
the  determination  of  the  epicenters  of  shallow  earthquakes,  for 
the  region  of  the  Fergana  Range,  said  transparent  grid  constructed 
on  the  basis  of  the  experimental  hodograph  (Fig.  14)  obtained  for 
the  line  Stalinabad  -  Frunze.  Here,  the  isochrones  for  the  various 
sectors  of  the  transparent  grid  are  in  correspondence  either  with 
the  time  differences  t^  -  t  of  the  straight-line  or  reflected  waves, 
or  with  the  time  t  -  t^  of  the  first  arrival  of  the  longitudinal 
waves:  at  first  straight-line,  and  then  head  waves. 

If  there  are  any  particular  features  encountered  in  the  struc¬ 
ture  of  the  Earth’s  crust  at  individual  points,  these  may  be  taken 
into  consideration  in  the  construction  of  such  transparent  grids 
through  the  application  of  the  principle  of  reciprocity,  similar  to 
the  way  that  this  was  done  for  the  case  of  a  vertical  boundary  of 
separation. 

Transparent  Grids  for  Deep  Earthquakes 

Isochrone  transparent  grids  may  be  successfully  used  for  the 
determination  of  the  position  of  deep-earthquake  foci.  The  velocity 
cross  section  of  the  crust  and  the  subcrustal  layer,  at  depths  up 
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to  250  km  (see  Fig.  22)  serves  as  the  basis  for  the  construction 
of  the  isochrone  transparent  grids  for  this  case. 

In  the  construction  of  these  transparent  grids,  use  was  also 
made  of  the  principle  of  reciprocity.  Instead  of  constructing 
various  time  fields  for  the  foci  situated  at  various  depths  h  =  h.^, 
a  single  time  field  was  constructed,  with  the  center  of  this  field 
lying  at  the  surface  (Fig.  31).  The  intersection  of  this  time  field 
by  horizontal  planes,  at  various  depths  h  =  h^,  will  result  in 
isochrone  time  grids  for  the  determination  of  the  epicenters  of 
the  foci  of  the  corresponding  depth.  The  use  of  these  transparent 
grids  in  the  processing  the  Pamiro-Gindukush  earthquakes,  employ¬ 
ing  the  difference  t8  -  t  proved  to  be  an  extremely  effective 
step  and  made  it  possible  to  attain  high  accuracy  in  the  deter¬ 
mination  of  epicenters  and  earthquake  depths. 

The  Accuracy  of  the  Isochrone  Transparent- Grid  Method 

The  accuracy  of  the  determination  of  focal  position  depends 
on  the  number  of  stations,  the  location  of  the  focus  relative  to 
the  station  network,  and  on  the  error  fir  in  the  determination  of 
the  hypocentral  distance  in  the  data  from  each  of  the  stations.  In 
the  case  of  a  uniform  medium,  the  quantity  fir  is  composed  of  the 
errors  resulting  from  the  determination  of  time  tg  -  t  at  the  given 
station  and  the  error  in  the  determination  of  the  propagation  vel¬ 
ocities  for  elastic  waves  in  the  given  district: 

lr~%  +  (2) 

It  is  generally  regarded  that  the  second  term  is  substantially 

smaller  than  the  first  term  and  it  may  therefore  be  neglected.  This 

Is  valid  so  long  as  the  error  fit  is  sufficiently  great.  Thus  in  the 

determination  of  epicenters  according  to  the  data  produced  by  the 

regional  network,  as  a  rule,  fit  >  1  sec.  For  the  observations  of 
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the  expedition,  under  conditions  of  great  recording  time  sweep  and 
a  good  time  service,  the  quantity  6t  does  not  exceed  0.2  sec,  and 
then  the  second  term  of  Expression(2 )  becomes  comparable  to  the 
first,  and  it  must  be  taken  into  consideration. 

Formula  (2)  is  valid  under  the  conditions  of  a  uniform  medium. 
If,  however,  the  medium  is  nonuniform,  and  consists  of  two  media, 
with  a  flat  vertical  boundary  between  them,  the  error  6t  will,  in 
addition,  be  a  function  of  the  error  6b  in  the  determination  of 
the  position  of  the  boundary  of  separation.  Taking  these  errors  in¬ 
to  consideration,  we  obtain  the  following  formula  for  the  maximum 
error  value: 


lr 


dr 

di 


(3) 


where  V^,  Vg  are  the  velocities  of  the  seismic  waves  in  regions 
1  and  2,  t  is  the  time  required  for  the  wave  to  reach  the  given 
station,  b  is  the  distance  from  the  station  to  the  boundary  of 
separation,  and  6V,  6t,  6b  are  the  errors  In  the  determination  of 
these  quantities.  The  first  term  may  be  modified 

(*0,  =  %*  =  VU, 


and  if,  for  simplicity,  we  assume  6V2  =  6Vg  =  6V,  the  second  and 
third  terms  may  be  transformed  as  follows: 

Vr)>  =  wilvl+±-tvt  =  nv. 

Let  us  evaluate  the  magnitude  of  the  last  term,  associated 
with  the  position  of  the  refraction  boundary.  It  is  not  difficult 
to  demonstrate  that 


(8r)»  saWi*' 


Vi-Vt 

v, 


.  'j—Ji 


fotii 


where  and  Vg  are  the  wave  velocities  on  various  sides  of  the 
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vertical  boundary,  and  1^  and  ig  are  the  angles  of  incidence  and 
refraction.  It  is  clear  that  in  a  uniform  medium  this  term  vanishes. 
Thus,  the  error  quantity  6r  is  equal  to 

>1  —  i, 

..  ..  r.i* - r, - 

ir  .  Yit  -,  /if  ,,  ■-*  - Zb. 

>1  rut*, 

The  errors  6V^  and  6b,  in  essence,  reflect  not  only  the 
error  in  the  determination  of  the  quantities  V  and  b,  but  the 
extent  to  which  there  are  local  deviations  from  the  average  values 
in  these  quantities.  Let  us  evaluate  the  value  of  6r  under  the 
specific  conditions  of  the  Garm  district.  The  error  6t  in  the 
determination  of  times  generally  does  not  exceed  0.2  sec,  dimin¬ 
ishing  for  extremely  close  earthquakes  (at  r  =  10-15  km)  to  0.1 
and  even  0.05  sec. 

Thus, 

(8r),  =  (0,4 -i-l.fi)  km. 

The  error  6V  in  the  determination  of  velocity  does  not  ex¬ 
ceed  0.1  km/ sec.  Accordingly,  t  =  1-10  sec. 


(«r),  =  fSK  =  (0,l-^l,0)  km. 


The  velocities  of  the  seismic  waves  in  the  Garm  district  are 
equal  to  =  8.  3  km/sec  to  the  north,  and  to  Vg  *  7*2  km/sec  to 
the  south  of  the  vertical  boundary.  Then 

^=p-‘  =  0,l3. 

The  angles  i1  and  ig  are  associated  by  the  expression 


tin  ft 
tin  i. 


0,87. 


Consequently,  with  a  change  in  angle  i^  from  0  to  90°,  angle 
i2  changes  from  0  to  60°,  since 

»rc  sin  y*  a  arc  *11)0,87  -  60* 
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Fig.  30.  Transparent  grid  for  the  determination  of  epicenters  at 

A  <  500  km,  said  transparent  grid  constructed  in  terns  of  the 

time  difference  for  straight-line  and  reflected  waves  as  well  as 

over  the  time  of  the  first  arrival  of  the  longitudinal  waves,  l) 

Over  the  difference  t  -  t  for  straight-line  -  and  reflected 

s  p 

__ ___  waves;  2)  over  time  t  -  tn  of  the  first  arrival  of  the  P 

p  Q 

wave. 


and  the  coefficient 

cos — 2 - 

co*  i, 

is  equal  to  1  at  =  0°  and  changes  from  1  to  1.  5  for  angles 
0  <  1^  <  60°.  With  a  further  increase  in  the  angles  i^,  this 
factor  may  increase,  attaining  3  at  i^  •  70° .  Thus,  the  third 
term  of  Expression  (3)  is  equal  to 
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Fig.  31.  Time  field  in  vertical  plane  at  depths  up  to  300  km,  said 
time  field  used  in  the  construction  of  transparent  grids  for  the 
determination  of  the  hypocenters  of  the  deep  Pamiro-Gindukush 
earthquakes. 

The  position  of  the  boundary  of  separation  may  be  regarded  as 
determined  to  an  accuracy  of  up  to  2  km,  and  consequently, 

(w-),  =  (0,2 -s- 0,8)  km. 

The  total  error  6r,  evidently,  is  composed  of  (6r)1#  ($r)2, 
and  (6r)y  A  simple  sum  of  these  quantities  will  result  in  the 
maximum  magnitude  of  error.  Since  the  partial  errors  are  independ¬ 
ent  and  may  be  of  different  sign,  the  average  error  is  most  prop¬ 
erly  evaluated  in  terms  of  the  magnitude  of  the  square  error 

(H«  =  +  (^)5 +  (*)*. 

In  accordance  with  the  estimates  made  above,  the  square  error 
($r)kV  ranges  from  0.5  to  2.0  km,  and  the  maximum  error  ranges 
from  0.7  to  3  to. 

Let  us  now  examine  the  magnitude  of  the  "error  region"  as  a 
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Pig.  32.  Dimensions  of  the  error  region  as  a  function  of  the 
position  of  the  focus  relative  to  the  TKSE  stations,  a)  in 
the  horizontal  plane;  b)  in  the  vertical  plane.  The  triangles 
represent  the  seismic  stations;  the  cross  hatched  areas 
represent  the  error  regions. 

function  of  the  number  of  stations  and  their  mutual  disposition. 

N. A.  Vvedenskaya  [53]  presented  some  formulas  by  means  of  which  it 
is  possible,  in  terms  of  the  magnitudes  of  6r,  to  evaluate  the 
dimensions  of  the  error  regions  when  there  are  three  stations,  as¬ 
suming  that  the  wave  front  may  be  regarded  as  plane.  The  latter 
condition  is  not  satisfied  at  small  distances  from  the  focus.  More' 
over,  Vvedenskaya's  formulas  are  comparatively  simple  for  the  case 
in  which  the  stations  are  situated  in  a  symmetrical  pattern.  It  is 
inconvenient  to  use  these  formulas  in  practice,  since  it  la  nee-* 

essary  to  carry  out  a  calculation  for  a  position  of  27  points  to 
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determine  the  error  region  of  a  single  focal  position  alone,  and 
this  must  be  done  for  various  combinations  of  positive,  negative, 
and  zero  values  of  the  error  6r  at  each  station.  With  a  large 
number  of  stations,  the  calculations  become  even  more  cumbersome. 

It  is  simpler  to  estimate  the  magnitude  of  the  error  region 
graphically,  constructing  a  system  of  intersections,  with  two  in¬ 
tersections  for  each  station,  and  the  intersection  radii  are  to 
be  chosen  equal  in  magnitude  to  the  radii  r  +  6r  and  r  -  6r  of  the 
spheres  cut  by  the  horizontal  plane  z  =  h,  corresponding  to  the 
focal  depth  of  the  given  earthquake.  The  region,  bounded  by  these 
intersects  from  the  various  stations,  will  be  the  error  region. 

In  similar  fashion  it  is  possible  to  estimate  the  error  in  the 
determination  of  the  focal  depth,  constructing  the  Intersects  in 
the  vertical  plane.  Such  an  estimate  was  carried  out  for  foci  at 
various  positions  relative  to  the  station  network  (Fig.  32).  Hie 
errors  In  the  deteraination  of  the  focus  surrounded  by  the  sta¬ 
tions  does  not  exceed  1  to  2  km,  but  it  Increases  to  3  to  5  km  be¬ 
yond  the  limits  of  the  network,  and  at  the  edges  of  the  drawing 
board,  the  determination  error  reaches  5  to  10  km. 

Thus  if  the  hypocenter  is  well  surrounded  by  the  stations, 
the  error  region,  for  all  intents  and  purposes,  does  not  exceed 
the  magnitude  of  5r,  i.e.,  errors  in  the  determination  of  the 
hypocentral  distance,  in  terms  of  data  provided  by  an  individual 
station.  If,  however,  the  epicenter  falls  within  the  group  of  sta¬ 
tions,  the  error  region  will  be  considerably  greater  In  dimension 
than  the  magnitude  of  fir. 

We  are  interested  in  an  Individual  estimate  of  the  extent  of 
increased  accuracy  which  we  attain  by  taking  into  consideration  the 
nonuniformity  of  the  medium.  For  this,  we  will  compare  the  magnl- 
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tude  of  a  certain  hypocentral  distance  r^,  calculated  with  con¬ 
sideration  of  the  nonuniformity,  and  calculated  in  the  assump¬ 
tion  that  the  medium  is  uniform  and  that  the  velocity  of  the 
seismic  waves  within  this  medium  is  equal  to  the  wave  velocity  in 
"granite"  (Vf  =  8.3)*  Then  the  difference 

Ar~rl  —  ri  ~—  (<jl  i  Ijl’i)  —  =  ^i) 

(t^  and  V1  represent  the  time  and  velocity,  respectively,  required 
for  the  wave  to  pass  through  the  "granite  layer,"  t2  and  Vg  rep¬ 
resent  the  respective  figures  in  sedimentary  rocks)  will  provide 
some  idea  as  to  the  magnitude  of  the  additional  error,  which  may 
arise  if  the  nonuniformity  of  the  medium  is  neglected.  Under  the 
conditions  prevailing  in  the  Garm  district,  time  tg  required  for 
waves  to  pass  through  the  sedimentary  layer  generally  ranges  from 
2  to  4-6  sec.  Accordingly,  the  error  Ar  lies  within  the  following 
limits : 

Ar  =  (2~  7)  km, 

which  is  approximately  three  times  greater  than  had  the  nonuniform¬ 
ity  been  taken  into  consideration,  in  which  case  the  error  would 
not  exceed  two  kilometers. 

Under  the  conditions  prevailing  in  the  Garm  district,  an 
estimate  of  determination  accuracy  for  the  coordinates  of  earth¬ 
quake  foci  was  also  undertaken  in  a  purely  experimental  manner, 
according  to  specific  earthquakes.  The  technique  involved  in  this 
evaluation  can  be  reduced  to  the  following.  If  an  earthquake  took 
place  close  to  one  or  two  of  the  stations  (time  t„  -  t  at  the 

8  p 

stations  did  not  exceed  1.0  -  1.5  sec),  the  use  of  the  observa¬ 
tions  obtained  at  the  remaining  stations  made  it  possible  to  de¬ 
termine  the  position  of  the  hypocenter  and  to  check  this  detemin- 
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ation  at  nearby  stations.  For  earthquakes  farther  removed  from 
the  closest  stations,  the  accuracy  evaluation  was  handled  in  the 
following  manner:  the  position  of  the  hypocenter  was  determined 
according  to  various  station  "triplets"  of  a  total  number  of  7  to 
8  stations,  recording  this  earthquake,  and  the  error  region  was 
estimated  according  to  the  scattering  of  the  resultant  points. 

Ihe  results  obtained  in  a  check  of  this  type  indicated  that 
the  determination  accuracy  for  the  position  of  epicenters  and 
focal  depths  corresponds  to  the  theoretical  calculations. 
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20  *In  this  chapter,  we  have  used  TKSE  observations  for 

the  years  1955-1957,  not  only  from  the  Garm-Stalinabad 
station  network  of  the  expedition,  but  from  the  Kirgiz 
stations  as  well. 

24  *Seven  stations  of  the  Narynskiy  section  of  the  TKSE 

have  been  functioning  in  central  Kirgiziya  since  May 
1957. 

40  *Leningrad  Department  of  the  Mathematics  Institute  of 

the  Acad.  Sci.  USSR. 


^  \  Vf  Vfiktivnaya  (volna)  ~  Vfictitlous  (wave) 

Rg  V  S  V  B  V  SB  V 

J  $,cp  f,sr  f,srednyy  f,mean 

V3$  =  Vef  =  Veffektivnyy  "  Effective 

74  *Let  us  take  note  that  for  the  construction  of  vertical 

hodographs  involving  the  use  of  transparent  grids  for 
theoretical  hodographs  (§  2)  it  is  necessary  to  have 
sufficiently  exact  advance  knowledge  of  the  epicentral 
position  alone,  the  focal  depth  not  being  required. 
Having  determined  the  epicenters  according  to  the  iso¬ 
chrone  transparent-grid  method,  with  a  sufficiently 
dense  network  of  stations,  it  is  enough  to  make  use  only 
of  the  circular  symmetry  of  the  isochrones,  for  which 
the  velocity  cross  section  need  not  be  known  in  advance. 
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Chapter  Pour 

THE  ENERGY  OF  EARTHQUAKES 

In  an  earthquake,  the  stressed-state  potential  energy  of 
the  rock  mass,  which  has  accumulated  in  the  process  of  contin¬ 
uous  tectonic  movement,  is  liberated  very  rapidly,  undergoing 
conversion  into  the  energy  of  seismic  waves  and  other  forms  of 
energy.  Thus,  energy  characterizes  the  very  essence  of  the 
earthquake  phenomenon.  The  energy  of  an  earthquake  is  one  of 
the  major  physical  characteristics  of  the  focus.  Knowledge  of 
this  energy,  together  with  other  characteristics  of  the  focus, 
makes  it  possible  to  approach  the  problem  of  creating  a  physi¬ 
cal  model  of  the  focus  and  to  gain  familiarity  with  its  nature. 
Without  classifying  earthquakes  on  the  basis  of  their  energies, 
it  is  impossible  to  study  the  seismic  regime.  Data  concerning  the 
energy  of  earthquakes  and  the  conditions  under  which  it  propagates 
are  those  that  present  direct  practical  interest:  this  information, 
together  with  the  coordinates  of  the  foci,  make  it  possible  to  es¬ 
timate  the  possible  disruptive  effect  of  the  earthquakes  at  the 
Earth's  surface. 

Ihe  present  chapter  undertakes  to  describe  a  classification 
of  earthquakes  on  the  basis  of  the  energy  flow  through  a  sphere 
having  a  definite  radius  -  the  "reference  sphere"  -  and  the  rela¬ 
tionship  between  the  total  seismic  energy  emanating  from  the  earth¬ 
quake  focus  and  the  flow  of  energy  through  the  reference  sphere. 

The  following  methodological  problems  are  considered:  determination 


•119 


of  the  energy  density  at  the  observation  points,  the  diminution  of 
energy  density  with  distance  (calibration  curve),  construction  of 
working  alignment  charts,  and  problems  of  the  accuracy  with  which 
the  energy  can  be  determined.  Then  we  proceed  to  a  comparison  of 
energy  values  obtained  by  the  method  described  with  energy  values 
obtained  by  the  Golitsyn-Gutenberg-Richter  method.  In  conclusion, 
we  present  an  evaluation  of  the  shape  of  the  isoenergetic  lines  on 
the  basis  of  the  observed  diminution  properties  of  seismic-wave 
energy  density  during  propagation  of  these  waves  along  and  across 
the  trends  of  basic  geological  structures. 

§  1.  Basic  Foundations  for  Energy  Classification  of  Earthquakes 
In  addition  to  the  point  system  for  classifying  earthquake  in¬ 
tensities,  two  methods  making  use  of  instrumental  data  have  re¬ 
cently  come  into  being.  The  first  method,  which  was  first  proposed 
by  Golitsyn  [56]  and  elaborated  by  a  series  of  other  authors  [57*61], 
consists  in  estimating  the  energy  of  the  seismic  waves  emanated  by 
the  focus.  In  the  second  method,  which  was  proposed  by  Richter  [62], 
earthquakes  are  compared  with  one  another  on  the  basis  of  the  high¬ 
est  peak  amplitudes  that  they  produce  on  seismograms  (or  the  ratio 
of  the  amplitude  to  the  oscillation  period)  obtained  with  the  aid 
of  a  specified  apparatus  and  reduced  to  a  certain  standard  distance 
from  the  focus;  this  resulted  in  the  introduction  of  the  "earth¬ 
quake  magnitude*"  concept,  which  is  a  certain  arbitrary  dimension¬ 
less  quantity.  The  second  classification  method  has  thus  far  come 
into  more  widespread  use  and  is,  at  the  present  time,  officially 
recommended.  There  are  different  varieties  of  the  magnitude  scale, 
each  constructed  for  certain  types  of  "volume"  and  surface  waves 
and  for  different  distances  from  the  focus  [63-67].  As  one  example, 
the  Soviet  Union  employs  the  M  magnitude  scale,  which  is  based  on 
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comparison  of  the  peak-amplitude  ratios  in  surface  waves  to  their 
period  [68-70]. 

Ihe  high  popularity  of  the  M  scale  as  compared  with  the 
energy-based  classification  is  accounted  for  not  so  much  by  its 
obvious  advantages,  simplicity,  and  unequivocal  nature  as  by  for¬ 
mal  circumstances.  Gutenberg  and  Richter,  who  introduced  this 
scale,  computed  the  magnitudes  of  a  considerable  number  of  severe 
earthquakes  over  the  entire  territory  of  the  Earth's  surface.  In 
many  of  these  cases,  it  is  also  found  convenient  for  pusposes  of 
comparison  to  evaluate  the  magnitude  of  the  earthquake  at  the 
same  time.;  this  applies  particularly  to  severe  earthquakes.  Nev¬ 
ertheless,  it  can  be  stated  with  certainty  that  the  future  belongs 
precisely  to  the  energy  classification  of  earthquakes. 

The  expedition's  system  of  observation  -  which  disposed  over 
a  far-flung  network  of  stations  located  directly  in  the  epicentral 
zone  and  apparatus  with  a  wide  dynamic  range  -  made  it  possible  to 
study  the  attenuation  curves  of  the  seismic  waves  at  distances 
ranging  from  3  -  4  to  700  km  from  the  focus.  This  was  used  as  a 
basis  for  refining  an  energy-measurement  technique,  and  a  concrete 
physical  significance  is  conferred  upon  its  value  as  determined. 
Basic  Determinations 

Of  the  total  quantity  of  energy  liberated  in  the  focus  at 
the  time  of  an  earthquake,  only  that  part  which  is  converted  into 
elastic-wave  energy  -  the  seismic  energy  E  of  the  earthquake  -  is 
taken  into  account.  Its  magnitude  may  be  characterized  by  the 
seismic-wave  energy  flux  through  a  certain  closed  surface  (it  is 
more  convenient  to  take  a  sphere  for  the  sake  of  simplicity)  with¬ 
in  which  the  focus  is  located,  taken  over  the  entire  time  t  during 
which  vibrations  take  place,  i.e. , 
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£  - \dt  \  (£•«)*, 

where  is  the  energy-flow  density  vector  (the  Umov  vector)  at 
the  points  of  the  surface  S  at  the  instant  of  time  t  and  ”n  is  the 
unit  vector  normal  to  the  elementary  area  ds  of  the  surface  S  over 
which  Integration  is  performed. 

As  we  recede  from  the  focus,  the  energy- flow  density  E  dimin¬ 
ishes  as  a  result  of  divergence  (the  increase  in  the  wave-front 
area  [71])  and  the  absorption  of  elastic  energy  by  the  nonideally 
elastic  medium  [72]  or  scattering  of  this  energy  on  small,  "struc¬ 
tural"  nonuni forml ties  of  the  medium  (quasi-absorption).  Moreover, 
the  duration  t  of  the  vibrations  also  varies  with  increasing  dis¬ 
tance  from  the  focus,  chiefly  as  a  result  of  the  appearance  of 
secondary  waves  associated  with  the  nonuniformity  of  the  medium. 
This  gives  reason  to  speak  of  the  variation  with  distance  not 
only  of  the  energy-flow  density  *E,  but  also  that  of  the  integral 
of  this  quantity  over  the  entire  time  during  which  the  vibrations 
take  place: 

S  =  \(En)dt.  (5) 

0 

It  is  clear  from  (4)  and  (5)  that  the  quantity  E*  is  equal  to 
dE/ds,  i.e.,  is  equal  to  the  energy  flow  during  the  entire  time  of 
vibration  referred  to  the  unit  surface  area.  We  shall  henceforth 
designate  the  quantity  E  in  this  sense  to  be  the  energy  density. 

We  shall  apply  the  term  attenuation  to  the  over-all  diminu¬ 
tion  effect  shown  by  the  quantities  E,  or  the  amplitude  A  as  a 
result  of  both  the  increase  in  the  wave-front  surface  (divergence) 

[Translator's  note:  text  occurrences  of  displayed  script  letters 
(£)  are  typed  E.  ] 
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and  absorption  and  scattering;  the  distance  function  ^(r),  which 
characterizes  this  decline  with  increasing  distance  quantitative¬ 
ly  and  is  given  by  the  formula 


'fir,)  __ 
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where  E(r, )  and  E(r»)  are  the  energy  densities  of  a  given  earth- 
quake  at  distances  r1  and  r2  from  the  focus,  respectively,  will 
be  referred  to  as  the  attenuation  function. 

In  the  case  of  an  infinite,  uniform,  ideally  elastic  medium, 
the  attenuation  will  reduce  to  the  spherical  divergence,  i.e. , 


and  the  value  of  the  integral  (4)  will  not  depend  in  this  case 
on  the  radius  taken  for  the  sphere  of  integration. 

Under  real  conditions,  the  attenuation  differs  considerably 
from  the  spherical.  As  we  know  [71,  73,  74],  the  presence  of  the 
half-space  boundary  and  other  boundaries  ,  as  well  as  transition¬ 
al  layers,  results  in  an  energy  exponent  n  in  the  divergence  func¬ 
tion  V(r)  =  l/rn  other  than  n  =  2.  Thus,  for  example,  in  the  case 
of  a  uniform  half-space  and  a  shallow  focus,  we  have  from  theory 
n  =  4  for  longitudinal  and  transverse  waves  at  the  half-space 
boundary.  Experimental  study  of  divergence  in  seismic  prospect¬ 
ing  [75]  also  arrived  at  a  value  n  =  1.5  to  2  for  the  amplitude 
divergence  exponent  and,  consequently,  n  =  3  to  4  for  the  energy 
exponent. 

Due  to  its  nonideal  elasticity,  the  real  medium  also  possess¬ 
es  significant  absorption  [72,  76].  Moreover,  the  energy- density 
attenuation  is  complicated  by  the  appearance  of  secondary  (reflect 
ed  and  head)  and  surface  waves  at  certain  distances.  Ihe  horizon¬ 
tal  stratification  of  the  real  medium  has  as  one  of  its  consequenc 
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es  that  the  energy  density  not  only  of  the  surface,  but  also  of 
the  "volume"  waves  is  different  at  points  lying  at  the  same  dis¬ 
tance  from  the  focus  in  the  interior  of  the  Earth  and  on  its  sur¬ 
face. 

«■+ 

As  a  result,  the  energy-flow  density  E  and  the  energy  den¬ 
sity  E  are  attenuated  along  the  Earth's  surface  in  accordance  with 

*  2 
a  functional  relationship  V'(r)  other  than  l/r  .  Consequently,  the 

value  of  the  integral  (4)  will  depend  on  the  integration  surface 

selected. 

It  is  necessary  to  note  that  all  of  these  generally  well- 
known  facts  are  generally  nevertheless  ignored  in  energy  deter¬ 
minations  in  seismology.  Ihus,  it  is  customary  to  consider  that 
energy  absorption  may  be  disregarded.  This  attitude  has  taken 
shape  because  registration  of  earthquakes  has  generally  occurred 
at  relatively  long  distances  from  the  focus,  where  frequencies  of 
the  order  of  one  cycle  or  fractions  of  a  cycle,  for  which  the 
absorption  exponent  is  very  small  [77]  prevail  in  the  recorded 
vibration  spectrum,  while  higher- frequency  vibrations,  which  are 
already  highly  attenuated  by  absorption,  have  not  been  registered. 

As  regards  the  divergence,  this  is  generally  assumed  to  be 
spherical.  Ihe  formula  of  B. B.  Golitsyn  [56]  is  based  on  this 
assumption.  V. I.  Bune  [6l]  also  employed  the  same  presentation. 

In  the  paper  by  Ye.P.  Savarenskiy  and  E. A.  Dzhibladze  [78],  the 
authors  referred  to  the  classical  work  of  Lamb  [73]  and  to  empir¬ 
ical  attenuation  determinations  [79]  which  had  given  near-to-theor- 
etlcal  results,  nevertheless  compute  the  energy  by  the  use  of 
Golitsyn's  formula,  although  they  note  that  the  energy  computed 
by  this  formula  is  not  equal  to  the  elastic-wave  energy.  S. I.  Sol- 
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ov'yev  also  regards  the  Golitsyn  formula  to  be  highly  approxi¬ 
mate,  estimating  the  possible  error  at  three  orders  [69].  And  in¬ 
deed,  this  is  Justifiable  even  for  the  single  reason  that  the 
use  of  the  Golitsyn  formula  is  equivalent  to  making  the  surface 

of  integration  (a  sphere  with  a  radius  equal  to  the  hypocentral 

.  • 

distance)  different  in  each  individual  determination. 

In  order  to  render  the  result  of  a  seismic-energy  determin¬ 
ation  for  the  earthquake  focus  itself  independent  of  the  usual 
hypocentral-distance  value  of  r,  it  is  necessary  to  know  the  at¬ 
tenuation  curve  of  energy  density  with  distance  in  order  to  re¬ 
duce  the  energy-density  values  E(r)  measured  from  the  seismogram 
at  any  distance  r  to  their  values  at  a  certain  known  distance  R 
taken  as  the  radius  of  the  integration  sphere. 

The  energy-density  attenuation  function  cannot  yet  be  indi¬ 
cated  with  sufficient  accuracy  by  purely  mathematical  means.  This 
is  a  consequence  of  the  fact  that  the  intensity  calculations  for 
various  types  of  waves,  which  may  be  carried  out  using  solutions 
of  the  appropriate  dynamic  problems  in  elasticity  theory  [80], 
frequently  become  quite  complex,  and  are  usually  carried  out  using 
only  approximate,  assymptotic  formulas  [81],  as  well  as  for  a 
rigorously  idealized  structure  of  the  medium  and  frequently  with¬ 
out  taking  the  nonideal  elasticity  into  account.  Furthermore,  the 
calculations  may  yield  the  attenuation  function  not  for  the  entire 
ensemble  of  waves,  but  only  for  certain  specific  wave  types,  which 
it  is  frequently  difficult  to  isolate  and  identify  on  the  earth¬ 
quake  record. 

For  this  reason,  it  can  now  be  considered  more  rational  to 
use  an  attenuation  law  obtained  empirically  from  the  earthquake 
traces  of  seismic  stations  located  at  various  distances  from  the 
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focus.  Such  an  empirical  attenuation  function  is  obviously  de¬ 
termined  not  only  by  the  divergence  and  absorption  for  frequen¬ 
cies  that  appear  on  traces  at  observation  stations,  but  also 
by  the  decline  in  energy  density  as  a  result  of  absorption  of  the 
higher  frequencies  present  in  the  vibration  spectrum  for  all 
practical  purposes  only  in  the  region  near  the  focus  [1,  4,  82, 

83].  Since  absorption  depends  on  vibration  frequency,  the  empiri¬ 
cal  attenuation  function  may  be  found  to  vary  in  accordance  with 
the  frequency  range  of  the  apparatus  used.  Also  reflected  in  the 
form  of  the  empirically-obtained  attenuation  function  will  be 
the  relative  increase  in  energy  density  as  a  result  of  the  appear¬ 
ance  of  secondary  (refracted  and  reflected  waves)  at  certain  dis¬ 
tances. 

Integration  over  the  surface  S  is  the  most  complex  problem. 
First,  we  are  not  in  a  position  to  integrate  in  the  strict  senBe, 
since  the  energy-density  distribution  over  the  entire  sphere  is 
unknown.  It  is  normally  assumed  that  integration  over  a  spherical 
surface  can  be  replaced  by  multiplication  by  its  area  i.e.,  that 

(7) 

It  is  thereby  implied  that  the  value  of  E(R)  obtained  by  aver- 
aging  the  data  of  several  stations  located  on  various  azimuths  on 
the  surface  of  the  Earth  may  be  regarded  as  the  average  energy-den¬ 
sity  value  for  the  entire  sphere,  i.e.,  not  only  for  the  surface, 
but  also  in  the  interior  of  the  Earth.  Ihis  assumption  may  be  re¬ 
garded  as  approximately  valid  only  for  small  r,  of  the  order  of 
the  depth  h  of  the  focus.  Ihe  energy  density  at  these  distances  is 
transferred  by  straight-line  waves  having  a  spherical  wave  front. 

Replacing  E(R)  in  Formula  (7)  by  its  value  from  (6),  we  ob¬ 


tain 
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As  concerns  selection  of  the  radius  R  of  the  integration 
sphere,  there  are  two  fundamentally  different  approaches  possible 
here;  these  result  in  different  systems  of  classification.  In 
one  of  these,  earthquakes  are  classified  by  the  magnitude  of  the 
seismic-wave  energy  flux  E  through  a  certain  fixed-radius  sphere  - 
the  reference  sphere.  This  classification  is  quite  simple  and 
reliable,  since  it  rests  upon  an  empirically  established  calibra¬ 
tion  curve,  and  is  found  to  be  quite  convenient  in  solving  a  num¬ 
ber  of  problems,  e.g.,  in  evaluating  the  seismic  effects  of  earth¬ 
quakes  at  the  Earth's  surface.  The  radius-  R  of  the  reference  sphere 
may  be  selected  at  will  within  certain  limits,  with  the  lower  limit 
defined  by  those  distances  to  which  it  has  been  possible  to  deter¬ 
mine  the  attenuation  function  reliably,  and  with  the  upper  limit 
determined  by  the  distances  at  which  it  can  still  be  assumed  that 
the  wave  front  has  a  near-spherical  shape  and  the  energy  density 
on  the  surface  does  not  differ  from  the  energy  density  at  the  same 
distances  in  the  interior  of  the  Earth.  On  the  basis  of  these  con¬ 
siderations  and  consideration  of  the  conditions  under  which  the 
expedition  was  working,  the  radius  of  the  reference  sphere  was 
set  at  R  *  10  km. 

The  second  type  of  classification  is  based  on  comparison  of 
earthquakes  as  regards  the  magnitude  of  the  total  seismic  energy 
Eg  emanated  by  the  focus.  If  the  boundary  separating  the  break¬ 
down  and  residual- deformation  zone  (the  actual  zone  of  the  focus) 
from  the  zone  of  primarily  elastic  deformations  external  to  the 
focus,  where  the  seismic  waves  propagate,  is  referred  to  as  the 
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surface  of  the  focus,  the  energy  flow  through  the  focus  surface 
SQ  may  be  regarded  as  the  total  seismic  energy  EQ  of  the  earth¬ 
quake  : 

(9) 

In  this  case,  the  focus  surface  SQ,  which,  generally  speaking, 
differs  from  the  spherical,  is  taken  as  the  surface  of  integra¬ 
tion.  In  the  zeroth  approximation,  it  may,  however,  also  be  re¬ 
garded  as  spherical,  and  the  radius  Tq  of  this  sphere  can  be  taken 
as  a  quantity  characterizing  the  size  of  the  focus.  In  this  case. 
Expression  (9)  takes  the  fonn 

£0  =  4rr*«(r0)  =  W*iM*(r). 

Determination  of  the  total  seismic  energy  EQ  requires  know¬ 
ledge  of  the  size  rQ  of  the  focus  and  the  seismic-wave  attenuation 
In  the  vicinity  of  the  focus  surface  at  distances  commensurable 
with  its  radii.  Thus  far,  information  of  this  type  has  only  been 
accumulated,  but  nevertheless  certain  approximate  evaluations  can 
be  carried  out  on  the  basis  of  estimated  earthquake-focus  radii 
listed  in  Chapter  6  of  the  present  monograph,  as  well  as  on  the 
basis  of  extrapolation  of  the  energy-density  attenuation  function 
as  determined  empirically  in  the  direction  of  small  r,  right  down 
to  the  very  surface  of  the  focus,  i.e.,  to  r  «  rQ. 

The  ratio  E/Eq  of  the  energy  flows  through  a  reference  sphere 
of  radius  R  and  through  the  surface  of  a  focus  of  radius  rQ 


For  weak  earthquakes  with  various  focal  radii  rQ  £  Jt,  the  frac¬ 
tion  of  the  energy  absorbed  within  the  reference  sphere  will  obvi¬ 
ously  also  differ,  and  this  difference  will  be  larger  for  wider 
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deviations  of  the  attenuation  function  tf(r)  from  l/r2.  For  these 
weak  earthquakes,  both  energy  evaluations  (E  and  EQ)  have  a  quite 
definite  physical  significance.  For  severe,  destructive  earthquakes, 
when  rQ  >  R  =  10  km,  the  seismic-energy  flow  E  through  a  reference 
sphere  of  radius  p  *  10  km  has  only  a  formal  significance.  The 
quantitative  relationship  between  E  and  Eq  will  be  considered  be¬ 
low  in  §  4. 

Classification  of  earthquakes  on  the  basiB  of  Eq  is  of  the 
greatest  physical  interest  and  is  absolutely  necessary  in  study 
of  processes  that  take  place  in  a  given  focus,  whether  of  a 
severe  or  a  weak  earthquake,  as  well  as  in  consideration  of  single 
seismic  events  in  an  entire  seismically  active  zone,  its  energy 
balance,  etc. 

Thus,  computation  of  the  seismic  energy  of  an  earthquake 
reduces  to  the  following  stages:  l)  determination  of  the  energy 
density  E  at  the  point  of  observation  from  a  seismogram;  2)  re¬ 
duction  of  the  quantity  E(r)  to  its  value  at  a  distance  R  (or  rQ) 
selected  as  a  radius  of  integration,  using  the  empirical  attenua¬ 
tion  curve  of  Formula  (6),  and  3)  calculation  of  the  earthquake 
energy  E  -  on  the  reference  sphere  -  or  EQ  -  the  total  seismic 
energy  at  the  surface  of  the  focus: 

(8') 

E#  =  4-^(»>).  (9  • ) 

Let  us  consider  each  of  these  stages  in  detail. 

§  2.  Calculation  of  Energy  Density  at  Point  of  Observation 

The  energy  density  at  the  point  of  observation  is  determined 
by  Integrating  the  energy- flow  density  over  time: 

t 

*  =  $(£.»)*, 

t 
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(5) 


where 


(11) 


Here,  p  Is  the  density  of  the  medium,  V  is  the  velocity  of  prop¬ 
agation  of  the  seismic  waves  under  consideration  in  the  medium, 
x(t)  is  the  amplitude  and  dx/dt  is  the  velocity  of  vibration  in 
the  falling  wave,  and  n  is  the  unit  vector  of  the  normal  to  a 
sphere  of  radius  r  equal  to  the  hypocentral  distance. 
Simplification  Assumptions 

It  is  difficult  to  obtain  an  exact  determination  of  the  in¬ 
tegral  (5).  We  must  adopt  certain  simplifications.  Thus,  although 
in  the  existing  recording  system  it  is,  in  principle,  possible  to 
determine  the  magnitude  of  the  scalar  product  (fT’ri),  but  in  prac¬ 
tice,  for  simplicity,  instead  of  this  magnitude  we  determine  only 
the  modulus  of  the  vector  1?  of  the  energy-flow  density.  Close  to 
the  focus  this  assumption  may  be  regarded  as  sufficiently  valid, 
since  the  wave  front  of  straight-line  waves  is  virtually  coinci¬ 
dent  with  a  sphere.  However,  at  great  distances  from  the  focus, 
there  is  an  increase  in  the  importance  of  secondary  waves,  whose 
fronts  are  substantially  unlike  a  sphere,  and  then  the  assumption 
(lf-n)  =  eT  loses  its  effect.  However,  the  errors  associated  with 
this  can  partially  be  taken  into  consideration  by  the  vibration- 
attenuation  curve  with  an  increase  in  the  hypocentral  distance. 

Further,  shifts  in  the  soil  during  earthquakes  are  quasi - 
periodlc  vibrations  and  may  be  represented,  in  approximate  terms, 
in  the  form  of  the  superposition  of  several  sinusoids 

=  (12) 

where  f^  is  the  frequency  and  a^  is  the  amplitude  of  the  shift  in 
the  incident  wave,  corresponding  to  the  aforementioned  frequency. 
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In  this  case,  differentiating  with  respect  to  _t  and  squaring  (12),  af¬ 
ter  substitution  into  (11)  and  (5)*  we  obtain 

ik 

<f  (n  -  V  r,  \ 

where  i  =  p,s;  k  =  1,  2,  ...  Here  we  will  replace  the  complex  expres¬ 
sion  ©“^J^ik*  with  the  mean  value  of  its  real  portion  during  time  t^. 
If  Tik  >>  Vfik*  this  mean  value  ls  equal  to  1/2,  and  this  with  a  suf¬ 
ficient  degree  of  accuracy.  Then,  integrating  with  respect  to  t,  we 
will  obtain  the  following  approximate  calculation  formula  for  the  den¬ 
sity  of  energy  E  which  passes  (during  time  t,  during  which  the  vibra¬ 
tions  take  place)  through  a  unit  of  surface  on  a  sphere  with  radius  r 
equal  to  the  hypocentral  distance 

y  (r)  =  2  s*f.  2  Vt  («»/»)**»•  ( 13 ) 

i.k 

To  calculate  E  according  to  this  formula  it  is  necessary  to  carry 
out  a  frequency  analysis  of  the  soil  shift.  This  can  be  done  most  con¬ 
veniently  by  instruments.  There  is  an  apparatus,  developed  especially 
for  purposes  of  seismic  prospecting  [84]  and  the  continuous  recording 
of  earthquakes  (Chapter  5) »  said  apparatus  making  it  possible  to  under¬ 
take  an  analysis  at  precisely  the  instant  at  which  the  vibrations  are 
recorded.  It  is  possible  also  to  record  a  soil  shift  on  magnetic  tape 
(see  Chapter  2)  with  a  subsequent  analysis  of  the  recording  under  lab¬ 
oratory  conditions.  However,  the  observation  system  of  the  expedition 
generally  employed  wideband  equipment,  but  experiments  on  the  frequency 
analysis  of  soil  shifts  were  nevertheless  carried  out. 

The  seismograms  obtained  by  means  of  the  wideband  equipment  show, 
almost  without  distortion,  the  soil  vibrations  within  the  passband  of 
the  instrument,  whereas  the  vibrations  which  exhibit  frequencies  out¬ 
side  of  this  band  are  virtually  not  recorded  by  the  instrument.  There- 


fore,  the  energy  density  calculated  according  to  the  seismogram  per¬ 
tains  to  the  frequency  range  determined  by  the  position  and  passband 
width  of  the  instrument.* 

A  harmonic  analysis  [85]  of  the  seismograms  produced  by  wideband 
equipment  (VEGIK,  SGK,  and  SVK)  can  be  carried  out  graphically  or  ana¬ 
lytically.  In  principle,  these  methods  of  analysis  may  yield  suffi¬ 
ciently  complete  and  precise  data,  yet  because  of  the  amount  of  work 
required  for  these  methods  they  are  not  suitable  for  extensive  energy 
calculations.  Therefore,  in  actual  practice,  instead  of  spectral  de¬ 
composition,  the  seismogram  is  visually  approximated  with  sinusoidal 
segments  superposed  on  one  another  or  with  one  behind  the  other,  and 
the  frequencies  and  amplitudes  of  these  sinusoids  are  evaluated  in  ap¬ 
proximate  terms.  This  corresponds  to  the  fact  that  the  spectral  decom¬ 
position  is  limited  to  several  of  the  highest  terms. 

Frequency  Determination 

The  dominant  frequency  seen  on  the  recording  is  defined  as  the 
number  of  maximums  per  unit  time  on  the  sinusoidal  segment  which  ap¬ 
proximates  the  sector  of  the  seismogram.  For  the  observed  vibration 
shapes  the  dominant  frequency  corresponds  approximately  to  the  fre¬ 
quency  of  the  greatest  term  of  the  shift  spectrum.  This  correspondence 
was  verified  through  a  comparison  of  approximately  400  earthquakes, 
recorded  at  the  same  point  of  observation  by  wideband  equipment  (VEGIK) 
and  the  frequency-selection  equipment  (ChISS)  of  K. K.  Zapol'skiy.  The 
comparison  demonstrated  that  the  dominant  frequencies  on  the  VEGIK 
seismogreims  are,  on  the  average,  in  sufficiently  good  agreement  with 
the  position  of  the  maximum  of  the  conventional  shift  spectrum,  con¬ 
structed  according  to  the  ChISS  seismograms  (see  Chapter  5,  §1). 

The  greatest  term  of  the  velocity  spectrum  rather  than  of  the 
shift  spectrum  carries  the  basic  vibration  energy;  the  velocity  spec- 

-  13*  - 


trum  exhibits  a  slight  shift  toward  the  higher  frequencies  in  compari¬ 
son  to  the  maximum  of  the  shift  spectrum.  Therefore,  we  would  be  mak¬ 
ing  a  systematic  error,  underestimating  the  energy  density  a3  a  result 
of  losing  the  high-frequency  terms  if  we  restrict  ourselves,  in  Expres¬ 
sion  (13),  to  the  single  decomposition  term  with  the  dominant  shift 
frequency.  The  magnitude  of  this  error  was  evaluated  by  comparing  the 
energy  density  determined  according  to  the  VEGIK  seismogram  against 
the  energy  density  of  the  ChISS  seismogram,  said  density  defined  as 
the  sum  of  the  energy  densities  on  various  channels 

% 
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Here  n  is  the  number  of  channels.  All  in  all,  80  earthquakes  were  proc¬ 
essed,  these  earthquakes  having  been  recorded  at  a  single  point  by 
both  of  the  Instruments  —  the  VEGIK  and  the  ChISS.  The  results  of  the 
comparison  are  presented  in  Pig.  33*  Here,  EChIgg  is  plotted  along  the 
axis  of  abscissas,  and  has  been  plotted  along  the  axis  of  or¬ 
dinates.  The  curve  shows  that  the  earthquake  energy  referred  to 

the  dominant  frequency,  on  the  average,  amounts  to  approximately  70# 
of  the  energy  EChjgg.  This  means  that  If  we  restrict  ourselves  to  the 
single  decomposition  term,  in  Formula  (13),  with  the  dominant  frequency, 
we  tolerate  a  systematic  reduction  in  energy  by  approximately  30#. 

On  the  average,  the  observer's  error  in  the  determination  of  the 
dominant  frequency  in  these  evaluations  comes  to  15#. 


Pig-  33-  Comparison  of  density  of  energy 

E,  determined  at  a  single  observation 
• 

point,  according  to  VEGIK  and  ChISS  seis¬ 
mograms. 

BSrWK- =  VEGIK;  MMCC  =  ChISS. 

Determination  of  Amplitudes 

The  quantity  a  in  Formula  (13)  stands  for  the  amplitude  of  the 
shift  x(t)  in  the  Incident  wave.  It  should  be  borne  in  mind,  however, 
that  seismic  equipment  is  set  up  at  the  surface  (the  boundary  of  the 
half  space),  in  connection  with  which  the  soil  vibrations  £(t)  recorded 
by  the  seismic  equipment  result  from  the  interference  of  the  incident 
wave  with  the  waves  reflected  from  the  half-space  boundary. 

The  calculations  [86]  indicate  that  the  ratio  §(t)/x(t)  for  the 
SH  wave  is  constant  at  any  angles  of  incidence  and  equal  to  two.  For  P 
and  SV  waves,  at  angles  of  incidence  i  ^  70°  this  ratio  exhibits  lit¬ 
tle  change  -  ranging  from  1.8  to  2.3.  The  angles  of  incidence  for  sels- 
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mic  radiation,  observed  for  local  earthquakes,  as  a  rule,  vary  from  0 
to  60°  and  do  not  exceed  65°.  Therefore,  we  may  hold  that  the  ratio  of 
soil  shifts  to  shifts  in  the  incident  wave  is  approximately  equal  to 
two  (with  an  accuracy  of  up  to  10$G).  If  we  take  into  consideration  the 
increase  in  7  of  the  seismic  equipment,  we  obtain  =  A/27,  where  A 
is  the  amplitude  of  the  total  vector  on  the  seismogram. 

If  the  recordings  are  made  on  a  three-component  installation,  the 
calculation  of  the  amplitude  A  of  the  vector  sum  is  not  difficult: 

a  -  y  m?°)'  +  m;*)* + (Aif. 

When  we  have  an  azimuthal  installation  with  four  or  more  inclined  in¬ 
struments,  the  calculation  of  the  amplitude  of  the  vector  sum  is  made 
more  difficult  by  the  need  to  take  into  consideration  the  sign  of  each 
shift.  In  this  case,  it  is  more  convenient  to  measure  the  amplitude 
on  one  of  the  comP°nents  alone,  and  this  component  will  be  the 
one  on  which  the  shift  is  greater,  and  consequently,  closer  to  the  vec¬ 
tor  sum.  Here,  the  appropriate  correction  is  introduced  into  the  for¬ 
mula.  As  has  been  demonstrated  by  special  measurements,  the  quantity 
A^/A,  on  the  average,  is  equal  to  0.76  for  many  measurements,  or  ap¬ 
proximately 

/i?"  1 

A  “  VZ 


Thus  the  amplitudes  a^  of  shift  in  the  incident  wave  are  expressed 
in  terms  of  amplitude  Amax  of  the  shift  on  the  seismogram 

a*“  Fj?' 


Then  Expression  (13)  for  the  density  of  energy  E  takes  the  form 


i  at  p,s;  ta  1,2,... 


(14) 


If  we  use  wideband  equipment,  "7  may  be  regarded  as  a  constant  quantity 
and  taken  out  from  under  the  summation  sign. 
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Since  the  squared  amplitude  enters  into  the  expression  for 
the  energy  density  E,in  approximating  the  seismogram  by  one  or  several 
sinusoids,  it  is  necessary  to  assign  values  to  the  amplitudes  A1Jc  of 
each  sinusoid,  said  values  equal  to  the  mean-square  values  of  the  os¬ 
cillation  amplitudes  of  given  frequency,  observed  in  the  recordings. 

In  accordance  with  the  evaluations  that  have  been  carried  out,  the  ob¬ 
server's  error  in  a  visual  averaging  of  the  amplitudes  comes  to  approx¬ 
imately  15$6.  • 

Determination  of  Duration  of  Vibration 

In  essence,  this  operation  involves  the  isolation  of  certain  sec¬ 
tors  from  the  entire  recording,  said  sectors  corresponding  to  P  and  S 
waves,  according  to  which  the  energy  density  is  determined,  and  the 
operation  further  involves  the  measurement  of  the  length  of  these  sec¬ 
tors.  The  selection  of  these  sectors  is  conventional  to  a  great  extent. 
It  is  possible,  for  example,  to  measure  the  energy  density  E  only 
on  the  recording  sector  that  corresponds  to  straight-line  waves.  In 
this  case,  the  quantity  x  may  virtually  be  identical  at  any  distance 
from  the  focus  and  equal  to  the  duration  of  the  vibrations  of  straight- 
line  waves  at  extremely  small  distances,  of  the  order  of  the  reference- 
sphere  radius.  We  can  determine  the  energy  density  throughout  the  en¬ 
tire  recording  for  the  entire  period  of  time  during  which  the  vibra¬ 
tions  take  place,  regardless  of  the  type  of  wave  Involved.  In  this 
case,  the  quantity  x  will  vary  at  different  distances  from  the  fo¬ 
cus  and  the  energy  density  Ewill  correspond  to  various  sets  of  waves 
as  a  function  of  r. 

The  selection  of  x  has  an  extremely  substantial  effect  on  the  na¬ 
ture  of  the  attenuation  function,  but  close  to  the  focus  the  quantity 
E  in  actuality  is  independent  of  the  x  chosen.  We  have  reference  here 
to  the  fact  that  in  the  zone  close  to  the  epicenter  (r  <  20  km)  the 
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earthquake  recordings,  as  a  rule,  have  the  characteristic  of  exhibit¬ 
ing  extremely  clear  arrivals  and  low  total  vibration  duration.  The 
first  few  vibrations  (straight-line  waves)  generally  exhibit  amplitudes 
substantially  in  excess  of  the  following  vibrations  and,  therefore, 
almost  all  of  the  energy  is  contained  in  the  straight-line  waves. 

Since  it  is  difficult  to  isolate  reliably  a  recording  sector  cor¬ 
responding  precisely  to  straight-line  waves,  it  was  decided  subsequently 
to  measure  the  energy  density  for  the  entire  recording,  rather  than 
for  any  individual  sectors.  Only  surface  waves  were  excluded  from  con¬ 
sideration,  since  the  general-type  SVK  and  SGK  seismographs  are  still 
extremely  unstable  in  their  recording  of  surface  waves  at  distances  of 
r  =  200-300  km,  and  on  the  earthquake  recordings  produced  by  the  basic 
equipment  used  by  the  TKSE,  the  VEGIK  surface  waves  do  not  appear  at 
all. 

Thus  the  measurement  of  the  energy  density  at  the  observation 
point  is  carried  out  by  means  of  an  approximation  of  the  entire  earth¬ 
quake  recording  through  one  or  several  sinusoids,  one  behind  the  other, 
or  one  superposed  on  the  other.  Then  the  duration  is  determined, 
this  time  to  correspond  to  each  segment  of  the  sinusoid,  its  frequency, 
and  its  amplitude,  the  last  on  one  of  the  components:  on  the  component 
exhibiting  the  greatest  shift. 

The  value  of  p  is  assumed  to  be  equal  to  the  density  of  granite 
(p  =  2.7  g/cm^)  and  the  magnitude  of  the  rate  of  wave  propagation  is 
equal  to  the  velocity  in  granite  Vp  =  6.0  km/sec  and  Vg  =  3«5  tan/sec. 
Accuracy  in  the  Determination  of  Energy  Density 

Errors  in  the  determination  of  E  at  a  given  point  are  composed  of 

e 

the  errors  associated  with  certain  assumptions  adopted  in  the  given 
method,  and  of  measurement  errors. 

In  making  the  transition  from  the  basic  formula  (5)  to  Its  calcu- 
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lation  version  (9)  It  was  assumed  that  the  projection  of  the  vector  IT 
for  the  energy-flow  density  to  the  normal  n  can  simply  be  replaced  by 
the  modulus  of  the  quantity  IT,  i.e.,  (IT,  n)  =  |IT| ,  and  that  the  soil 
vibrations,  reflected  in  the  seismogram,  could  be  replaced  by  segments 
of  the  sinusoid.  It  Is  extremely  difficult  to  take  account  of  the  er¬ 
ror  resulting  from  the  first  assumption]  we  can  only  say  that  the 
smaller  the  hypocentral  distance,  the  closer  the  wave  front  to  the 
sphere  and,  consequently,  the  smaller  the  sphere. 

We  can  make  an  Indirect  judgment  as  to  the  order  of  magnitude  of 
the  error  resulting  from  the  second  assumption  on  the  basis  of  the 
relationship  between  the  energy  densities  E  measured  by  the  VEGIK  and 
the  ChlSS.  As  was  pointed  out  above,  the  ratio  Ecniss/?VEGIK  ls  ®qual 
to  1.3  on  the  average. 

With  respect  to  errors  in  the  measurement  of  E  according  to  the 

adopted  method,  these  can  easily  be  evaluated.  The  quantity  6E/E  is 

•  • 

composed  of  the  errors  produced  In  the  determination  of  frequencies 
($!  —  15#)  and  the  errors  resulting  in  the  determination  of  amplitudes: 
in  averaging  ( —  15#),  as  a  result  of  inaccurate  data  regarding  the 
magnification  of  the  equipment  ( 6^  —  10#),  in  replacing  the  vector  stun 
A  with  the  amplitude  Amax  on  one  component  (6^  =  10#),  and  in  account¬ 
ing  for  the  effect  of  the  earth's  surface  (6^  —  10#).  The  total  error 
6E/E  in  the  measurement  of  energy  density  can  be  evaluated  through  a 
calculation  of  the  mean-square  error 

2l/  &*t~0,55. 

r  j-i  * 

Thus  errors  in  the  determination  of  energy  density  for  a  given 
point  are  comparatively  small. 

When  we  are  confronted  with  the  problem  of  determining  the  energy 
E  of  earthquakes,  it  is  not  so  much  the  determination  of  the  energy 
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density  E  at  the  point  of  observation  as  it  is  that  we  must  determine 
the  value  of  E(r)  for  the  given  distance  which  represents  the  mean 
magnitude  of  E  over  the  entire  sphere  of  the  given  radius  r.  At  the 
same  time,  the  various  soil  conditions  resulting  in  amplitude  and  fre¬ 
quency  distortion,  the  nonuniformity  of  the  radiation  in  various  direc¬ 
tions  from  the  source,  as  well  as  the  nonuniformities  of  the  medium 
along  the  wave  path,  all  lead  to  various  energy  densities  at  the 
points  lying  at  equal  distances  from  the  focus,  but  on  various  azi¬ 
muths. 

1.  The  effect  of  the  soil  conditions  at  the  points  of  observation 
on  amplitudes  and  oscillation  frequencies,  said  effect  associated  with 
the  interference  phenomena  in  the  surface  layers  [87],  was  studied  by 
special  observations  carried  out  at  the  Chusal  station.  Identical  in- 
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Fig.  3^-  Summary  curve  for 
change  in  energy  density,  said 
change  associated  with  various 
soil  conditions. 

struments  were  set  up  there  under  various  soil  conditions:  on  rocks 
occurring  in  their  places  of  origin;  on  an  Incline  at  which  the  deposi¬ 
tion  thickness  is  at  a  minimum  —  of  the  order  of  a  half  meter;  in  the 
eastern  section  of  the  slope,  on  a  deluvial  layer  approximately  10-15  m 
thick;  in  the  central  portion  of  the  slope,  where  the  deluvial  layer  is 
at  its  thickest  (50-100  m).  The  distances  between  the  Individual  obser- 
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vatlon  points  did  not  exceed  0.5  km,  and  this  made  it  possible  to  ne¬ 
glect  the  difference  in  epicentral  distance. 

A  comparison  of  the  records  for  one  and  the  same  earthquake  at 
various  observation  points  demonstrated  that  with  an  increase  in  the 
thickness  of  the  deluvial  layer  both  amplitudes  and  the  vibration  dura- 
tion  increase,  and  there  is  a  slight  reduction  in  the  oscillation  fre¬ 
quency.  There  is  more  detailed  examination  of  these  results  in  Chapter 
5.  Here,  we  will  only  undertake  an  evaluation  of  the  association  be- 

p  p 

tween  the  observed  quantity  ZA  f  t  and  the  soil  conditions  at  the 

2  2 

point  of  observation.*  The  quantity  ZA  f  1  of  the  S  waves  at  various 

observation  points  was  determined  for  tens  of  earthquakes.  The  results 

are  presented  in  a  summary  curve  (Pig.  3*0*  Here,  the  above-enumerated 

observation  points  (1-4)  are  plotted  along  the  axis  of  abscissas,  and 

2  2 

the  quantity  proportional  to  ZA  f  t  is  plotted  along  the  axis  of  or¬ 
dinates.  An  examination  of  this  curve  indicates  that  the  difference  in 

2  2 

soil  conditions  may  result  in  a  change  in  the  magnitude  of  ZA  f  t  by  a 
factor  of  10,  i.e.,  by  an  order  of  magnitude. 

This  difference  may  be  taken  into  consideration,  and  the  effect 
of  the  various  soils  can  be  eliminated  by  introducing  the  appropriate 
corrections.  To  realize  this  possibility,  special  research  is  required. 

2.  Nonuniformity  of  emission.  The  foci  of  all  tectonic  earth¬ 
quakes  can  be  modeled,  with  a  certain  degree  of  accuracy,  by  a  double 
force  with  moment  [88].  The  nature  of  emission  directivity  from  a 
source  of  this  type  is  examined  theoretically  by  V. I.  Keylis-Borok  [89]. 

Asymptotic  formulas  of  shift  intensity  as  functions  of  the  mutual 
orientation  of  source  and  point  of  observation  are  presented  in  the  ar¬ 
ticle  by K. I.  Ogurtsov,  I.N.  Uspenskiy,  and  N. I.  Yermilova  [90],  and 
these  formulas  are  valid  for  considerable  distances  from  the  focus.  In 
accordance  with  these  formulas,  the  emission  Intensity  is  a  function 
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Pig-  35-  Distribution  of  rela¬ 
tive  deviations  6E/B  in  energy 
•  • 

density  from  the  mean  values 
of  E  as  functions  of  the  angle 

£  between  the  direction  of  the 
discontinuity  plane  and  the 
direction  to  the  seismic  sta¬ 
tion,  according  to  observation 
data. 


of  direction,  and  in  several  directions  —  in  the  nodal  planes  —  the 
intensity  is  equal  to  zero. 

We  attempted  empirically  to  derive  the  relationship  between  in¬ 
tensity  and  the  mutual  orientation  of  the  focus  and  point  of  observa¬ 
tion.  For  this  purpose  seven  earthquakes  were  selected,  and  for  these 
we  determined  the  dynamic  focal  parameters.  The  discontinuity  plane 
for  each  of  these  earthquakes,  within  the  limits  of  determination  er¬ 
ror,  can  be  regarded  as  vertical.  The  earthquake  foci  were  situated  In 
the  Peter  I  Range  and  are  rather  uniformly  surrounded  by  seismic  sta¬ 
tions.  The  curve  (Fig.  35)  shows  the  observed  values  of  6E/E  as  func- 

•  • 

tions  of  the  angle  0,  read  in  the  horizontal  plane  from  the  direction 


-HI  . 


of  the  discontinuity  plane 
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where  E(i>)  is  the  energy  density  in  the  direction  i);  1  is  the  mean 
•  • 

value  of  energy  density  in  various  directions. 

The  theoretical  directivity  diagram  is  symmetrical  with  respect 
to  two  axes  lying  in  the  horizontal  plane;  one  of  these  axes  coincides 
with  the  direction  of  the  shift  plane,  and  the  second  axis  is  perpen¬ 
dicular  to  the  first.  Therefore,  for  purposes  of  compactness  all  ob¬ 
servation  points  were  plotted  in  only  a  single  quadrant.  The  light 

(open)  circles  indicate  the  energy  deviations  6E/E  in  calculating  en- 

•  •  • 

ergy  for  an  extremely  short  interval  of  time  after  the  arrival  of  the 

S  waves  —  no  more  than  0.2  sec.  During  this  time,  a  total  of  only  1  to 

3  vibrations  could  occur.  The  intensity  of  this  group  of  vibrations 

must  be  stronger  functions  of  the  azimuth  for  the  station.  The  dark 

(solid)  circles  denote  the  deviations  6E/E,  determined  from  a  group  of 

•  • 

more  enduring  vibrations  (t  ~  1-3  sec).  The  solid  line  shows  6E/E  as 

•  • 

function  of  0. 

An  examination  of  the  curve  shows  that  no  systematic  relationship 
exists  between  E  and  i)  and,  consequently,  it  is  impossible  to  under¬ 
take  any  attempt  to  take  into  consideration  the  nonuniformity  of  source 
emission  by  means  of  conventional  simplified  theoretical  concepts  as 
to  the  conditions  of  wave  propagation  and  "the  mechanism  of  the  focus." 
This  result  is  not  unexpected.  In  fact,  the  theoretical  directivity 
diagrams  are  valid  only  for  a  uniform  medium  and  are  made  only  for 
straight-line  waves  (the  first  arrivals).  In  an  actual  medium,  however, 
the  deviation  from  ideal  conditions  -  a  great  number  of  discontinuities 
at  which  refracted,  head,  reflected,  and  multiple-reflected  waves  [91- 
92]  can  occur  —  substantially  complicates  the  picture.  The  secondary 
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waves,  observed  at  any  point,  correspond  to  the  various  courses  and 
directions  of  egress  from  the  source.  As  a  result,  the  energy  density 
of  the  total  waves  observed  at  the  given  point  is  substantially  a 
weaker  function  of  direction.  Insofar  as  actual  movements  within  the 
focus  are  concerned,  these,  apparently,  are  considerably  different 
from  the  idealized  mathematical  model.  If  we  had  found  only  an  empir¬ 
ical  relationship  between  emission  intensity  and  the  mutual  orienta¬ 
tion  of  the  focus  and  the  station,  it  would  have  been  virtually  impos¬ 
sible  to  use  this  relationship  for  the  determination  of  the  energy  be¬ 
cause  to  the  present  time  it  has  been  possible  to  determine  the  dy¬ 
namic  focal  parameters  (the  orientation  of  the  discontinuity  plane  and 
the  shift  direction)  for  very  few  individual  earthquakes,  amounting  to 
no  more  than  2-3 $6  of  the  total  number,  and  here  the  error  in  the  de¬ 
termination  of  the  dynamic  parameters  is  quite  great  -  of  the  order  of 
5  to  20°. 

Thus  it  turns  out  that  the  energy  density  at  the  given  point  can 
be  determined  with  sufficient  accuracy  (the  error  is,  on  the  average, 
50  to  60j6) .  However,  the  over-all  effect  of  the  various  soil  condi¬ 
tions,  the  nonuniformity  of  the  medium,  and  the  nonuniformity  of  emis¬ 
sion  result  in  the  fact  that  at  one  and  the  same  distance  from  the 
focus,  energy  density  E  at  various  stations  may  exhibit  pronounced 
variation.  The  magnitude  of  this  variation,  as  can  be  seen  from  Figs. 
34  and  35,  considerably  exceeds  the  measurement  error  and  is,  on  the 
average,  equal  to  +0.5  of  an  order  of  magnitude,  sometimes  reaching 
as  high  as  +1  order. 

§3*  DAMPING  OF  SEISMIC  WAVES  WITH  DISTANCE 

The  damping  of  seismic  waves  at  a  distance  r  from  the  focus  was 
studied  empirically  within  a  range  of  distances  from  3-4  km  to  600- 

700  km.  The  earthquake  recordings  produced  by  the  VEOIK  and  VKh  seis- 
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mographs  at  the  expeditionary  stations  located  in  the  regions  of  Garm, 
Stalinabad,  Tashkent,  and  Naryn  served  as  the  basic  material  for  the 
damping  study.  In  addition,  seismograms  from  general-type  SVK  and  SGK 
instruments  were  also  used;  these  instruments  had  been  set  up  at  the 
stations  Garm  and  Dzhirgatal’,  as  well  as  at  seismic  stations  in  Cen¬ 
tral  Asia. 

For  a  comparison  of  the  attenuation  curves,  40  comparatively 

powerful  earthquakes  were  processed  (with  energy  not  below  lCr*  Joule), 

recorded  by  an  average  of  15  seismic  stations  situated  at  distances 

from  7  to  730  km  from  the  focus.  Moreover,  approximately  150  weaker 

4  8 

(with  an  energy  ranging  from  10  to  10  Joule)  earthquakes  were  proc¬ 
essed,  and  these  have  been  recorded  by  the  seismic  stations  of  the 
Garm  region.  The  hypocentral  distances  in  this  case  changed  from  3  to 
15  to  50  to  100  km.  One  earthquake  (22  June  1955,  13:28  hours)  was 
recorded  at  a  distance  of  only  about  0.8  km  from  the  focus  (t  —  t  = 

8  p 

=0.1  sec). 

We  examined  the  attenuation  of  three  quantities:  a)  energy  den¬ 
sity  E;  b)  the  maximum  value  of  the  modulus  of  energy-flux  density  If, 

2  2 

proportional  to  the  product  A  f  and  determined  on  the  basis  of  the 
group  of  vibrations  in  which  this  product  attains  its  maximum,  regard¬ 
less  of  the  type  three-dimensional  waves  to  which  it  belongs;  and  c) 
the  sum  of  the  maximum  amplitudes  Ap  +  Ag,  regardless  of  their  period. 
For  each  of  the  earthquakes  Individual  attenuation  curves  were  derived 
for  each  of  these  three  quantities.  The  curves  were  constructed  in  a 
double  logarithmic  scale. 

The  comparison  of  the  summary  attenuation  curves  made  on  the 
basis  of  the  curves  obtained  for  individual  earthquakes  was  handled  in 
the  following  manner.  Initially,  individual  curves  were  separated  into 
groups  with  approximately  identical  hypocentral  distances:  from  3-5  to 
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50  km;  from  10-30  to  300-400  km,  from  50-100  to  500-700  km,  and  from 
10-20  to  700  km.  Subsequently,  by  shifting  along  the  axis  of  ordinates. 
Individual  curves  of  each  group  were  made  to  coincide  with  one  another. 
And,  finally,  from  the  summary  curves  for  each  group,  an  over-all  sum¬ 
mary  curve  was  constructed  by  causing  the  overlapping  sections  to  coin- 
cide. 

During  the  construction  of  the  curves  certain  attenuation  features 
were  revealed  and  these  are  associated  with  the  differing  frequency 
ranges  in  the  equipment  employed.  These  features  are  of  special  in¬ 
terest  both  from  the  standpoint  of  energy  distribution  between  the 
frequency  ranges  of  various  instruments  (SGK  0.08-2  cps,  VEGIK  1.5-50 
cps),  as  well  as  for  the  purpose  of  obtaining  an  energy  classification 
that  can  be  applied  to  observations  of  expeditionary  and  regional  sta¬ 
tions  equipped  with  a  variety  of  equipment. 

Empirical  Data  on  Attenuation  (Damping) 

Empirical  data  on  the  damping  of  E,  A,  and  1*1  are  presented  in 
Pigs.  36-38*  The  curves  marked  a  in  each  of  these  figures  represent 
the  data  of  only  the  high-frequency  instruments  —  the  VEGIK  and  the 
VKh  —  and  the  averaging  curves  A(r),  |E?|(r),  and  E(r) . 

As  can  be  seen  from  these  curves,  the  damping  of  seismic  waves  is 

substantially  unlike  a  sphere  (proportional  to  l/r  for  amplitudes  or 

l/r  for  energy).  At  distances  of  r  <  50  km,  the  maximum  amplitudes  on 

VEGIK  seismograms  diminish  proportionally  to  l/r2'1,  energy  density 

E(r)  ~  l/r^’^  and  |eTJ  ~  l/r'**'*.  Then,  in  the  range  of  distances  from 
• 

r  =  50-250  km,  attenuation  diminishes  and  the  curves  smooth  out.  With 
a  further  increase  in  distance  (r  =  250-700  km)  dairying  again  increases 
sharply:  A  ~  l/r^;  E  ~  |S)  ~  l/r^. 

The  curves  b  In  Pigs.  36-38  show  the  position  of  the  points  ob¬ 
tained  from  SGK  and  SVK  data  relative  to  the  curve  which  averages  the 
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VEGIK  data,  said  curve  shown  by  the  solid  line.  From  an  examination  of 
these  curves  we  can  see  that  values  of  the  quantities  E,  Ifl,  and  es¬ 
pecially  of  A,  in  general  exceed  the  corresponding  values  obtained 
from  the  VEGIK;  in  this  case,  for  the  VEGIK  and  the  SGK,  earthquakes 
can  be  divided  into  two  types  on  the  basis  of  the  nature  of  the  rela¬ 
tionship  between  these  quantities.  If  a  shallow  "step"  can  be  detected 
on  the  attenuation  curves  produced  by  the  VEGIK  at  distances  of  r  = 

=  100-300  km,  the  SGK  data  for  these  distances  of  earthquakes  of  the 
first  type  yield  points  that  form  an  even  more  pronounced  "step"  (these 
data  are  shown  by  light  (open)  circles).  The  points  of  earthquakes  of 
the  second  type  (shown  by  asterisks)  form  a  "hump"  on  the  attenuation 
curve,  with  a  maximum  at  distances  of  r  =  150-200  km.  The  amplitude  of 
this  "hump"  relative  to  the  attenuation  curve  for  comes  approx¬ 

imately  to  one  and  a  half  orders  of  magnitude. 

It  was  noted  that  the  epicenters  of  the  first  type  of  earthquake, 
as  a  rule,  are  situated  in  root  crystalline  rocks  (Gissar  Range,  the 
crystalline  base  of  the  Peter  I  Range,  and  the  ranges  of  Kirglzlya) . 

The  foci  of  earthquakes  of  the  second  type  generally  lie  in  the  meso- 
cenozolc  sedimentary  layer  (the  Tadzhik  Depression,  the  Peter  I  range, 
and  the  Fergana  Valley).  Sometimes,  violations  of  this  rule  can  be 
noted. 

The  drop  in  attenuation,  seen  in  the  curves  in  Figs.  36-38,  from 
the  VEGIK  data  for  distances  of  100  to  200  km  and  a  certain  increase 
in  energy  density  in  the  form  of  a  "hump"  on  the  curves  constructed 
according  to  the  SGK  data  are,  apparently,  associated  with  the  appear¬ 
ance  of  secondary  waves  which  exceed  the  straight-line  waves  in  inten¬ 
sity.  Close  to  r  =  100  km  lies  the  initial  point  for  the  hodograph  of 
the  headwaves  from  the  underside  of  the  crust.  At  distances  of  100  to 

300  km  we  should  find  the  rather  intensive  waves  reflected  from  the 
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Fig.  36.  Summary  attenuation 

curve  for  energy  density  E(r): 

• 

a J  according  to  VEGIK  and  VKh; 
b)  according  to  SKG;  c)  ac¬ 
cording  to  data  by  Bune  [6l]. 

Mohoroviclc  discontinuity  at  an  single  greater  than  the  critical. 

The  reason  for  the  observed  difference  in  attenuation  for  earth¬ 
quakes  of  various  types  has  as  yet  not  been  made  clear.  We  may  assume 
that  in  the  case  of  earthquakes  whose  foci  are  situated  in  the  sedi¬ 
mentary  layer,  there  will  appear  extremely  intensive  waves  that  have 
been  reflected  [91-953  repeatedly  within  this  layer.  This  problem  re¬ 
quires  continued  and  more  detailed  study.  In  any  event,  in  calculating 
the  energy  we  must  take  this  difference  into  consideration. 

At  small  distances  from  the  focus  (r  =  15-30  km)  the  quantities  E 
and  |3?|,  determined  according  to  SGK  seismograms,  generally  coincide 
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Fig.  37-  Summary  attenuation 
curve  for  maximum  energy-flux 

density  IHTl^^  ~  A2f2:  a)  ac¬ 
cording  to  VEGIK;  b)  according 
to  SGK;  c)  according  to  data 
by  Solov'yev  and  Dzhibladze  [79 3 * 


with  the  VEGIK  data  for  earthquakes  of  both  types.  The  latter  circum¬ 
stance  is  extremely  important  from  the  standpoint  of  determining  energy, 
and  therefore  this  point  has  yet  to  be  verified  with  additional  ma¬ 
terial. 

The  attenuation  curves  described  above,  for  the  range  of  dis¬ 
tances  from  7  to  700  km,  served  as  the  calibration  curves  for  the  de¬ 
termination  of  the  energy  flow  through  the  reference  sphere. 
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This  scattering,  for  all  Intents  and  purposes,  does  not  exceed 
one  order  of  magnitude.  Several  points  on  the  attenuation  curves  for 
E{r)  and  |!?|(r)  in  Figs.  36-37  are  an  exception,  since  these  points 
lie  above  the  averaging  curve  by  one  or  two  orders  of  magnitude  and 
are  enclosed  in  a  rhombic-like  frame.  These  points  correspond  to  data 
from  the  Zimchurud  station  and  deviate  from  the  remaining  data  pri¬ 
marily  as  a  result  of  extremely  high  frequencies  (approximately  10  cps 
instead  of  1-2.5  cps  at  the  remaining  stations).  Possibly  these  devia- 
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tlons  are  associated  with  certain  local  features  of  the  medium  in  the 
vicinity  of  the  Zimchurud  station. 

The  probable  deviation  of  individual  points  from  the  averaged 
curve  is  +0.5  of  an  order  of  magnitude.  It  is  possible  to  maintain 
that  this  value  for  the  deviation  characterizes  the  relative  accuracy 
of  energy  determination  on  the  basis  of  data  produced  by  a  single  sta¬ 
tion. 

The  attenuation  curve  for  (r)  is  characteristic  of  a  compara¬ 
tively  limited  scattering  of  points  at  considerable  distances  (r  >  200 
km),  where  the  greatest  deviation  does  not  exceed  one  order  of  magni¬ 
tude.  At  small  distances  (r  >  100  km)  the  total  scattering  of  the 
points  is  quite  great  and  individual  points  deviate  by  1.5-2  orders  of 
magnitude.  The  less  stable  behavior  of  isi  in  comparison  with  E  and  A 
at  small  distances  makes  this  quantity  inconvenient  for  the  determina¬ 
tion  of  energy. 

The  points  on  the  curves  which  correspond  to  the  SGK  data  exhibit 
greater  scattering  than  the  VEGIK  data,  and  this  corresponds  to  a 
lower  energy-determination  accuracy  for  SGK  seismograms  than  for  VEGIK 
seismograms.  The  reasons  for  this  are  not  yet  clear. 

Relationship  Between  Direction  of  Seismic-Wave  Propagation  and  Attenu¬ 
ation 

Attenuation  of  seismic  waves  as  a  function  of  the  direction  of 
the  seismic  waves  perpendicular  or  parallel  to  the  direction  of  the 
basic  geologic  structures  is  of  considerable  interest  from  the  stand¬ 
point  of  selsmography.  An  attempt  was  made  to  establish  such  a  rela¬ 
tionship,  although  the  position  of  the  stations  in  the  Garm  district 
is  not  too  favorable  for  the  solution  of  such  a  problem. 

Thirty  earthquakes  whose  epicenters  are  situated  on  the  line  of 
stations  Ishtion-Tovil'-Dora-Sultan-Mazar  (the  line  along  the  extent 
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Fig.  39*  Summary  attenuation 
curves  for  energy  density  at 
distances  of  r  =  4-100  km  for 
various  directions  of  seismic- 
wave  propagation:  a)  across; 
b)  and  along  the  Peter  I  Range. 

of  the  Peter  I  Range)  were  selected,  as  were  19  earthquakes  along  the 
line  stations  Garm-Tovil ' -Dora,  Yaldymych-Tovil '  -Dora,  and  Chusal- 
Ishtion  (the  line  perpendicular  to  the  Peter  I  Range). 

The  summary  attenuation  curves  for  E(r),  corresponding  to  the 
various  propagation  directions,  are  shown  in  Pig.  39. 

The  attenuation  along  the  line  of  the  Peter  I  Range  is  propor¬ 
tional  to  l/r^  (lower  curve)  and  proportional  to  l/r^’^  (upper  curve) 
for  the  line  perpendicular  to  the  range,  i.e.,  the  difference  in  at¬ 
tenuation  magnitude  is  quite  perceptible.  The  greater  damping  of  energy 
in  the  propagation  of  waves  perpendicular  to  the  structures  is  appa¬ 
rently  associated  with  the  dissipation  of  energy  in  refracted  and  re¬ 
peatedly  reflected  waves  at  discontinuities  exhibiting  various  elastic 
properties.  The  obtained  results  are  preliminary  and  require  further 
detailed  study  in  conjunction  with  a  greater  amount  of  material,  a 
greater  number  of  stations,  and  in  other  areas  as  well. 
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The  Relationship  Between  the  Damping  of  Seismic  Waves  and  the  Energy 
of  Earthquakes  ~ 

We  can  expect  that  such  a  relationship  exists,  since  the  spectrum 
of  vibrations  in  the  case  of  powerful  earthquakes  shifts  toward  the 
lower  frequencies  and  in  accordance  with  this  the  absorption  of  energy 
for  strong  earthquakes  must  be  somewhat  lower. 


Itfv 


Fig.  40.  Energy-density  attenu¬ 
ation  curve  for  earthquakes  of 
various  energies. 

Figure  ho  shows  the  summary  attenuation  curves  for  earthquakes 

e  n 

with  energies  ranging  from  10^  to  10  J  Joules.  We  can  see  from  the 
curves  that.  Indeed,  the  attenuation  for  strong  earthquakes  is  generally 
somewhat  lower  than  in  the  case  of  weak  earthquakes.  However,  this 
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difference  is  comparatively  small.  In  view  of  this,  the  middle  curve 

was  selected  as  the  calibration  curve  for  the  determination  of  energy, 

since  it  is  the  same  for  both  the  weak  and  the  stronger  earthquakes. 

Data  on  the  Nature  of  Attenuation,  Said  Data  Obtained  by  Other  Authors 
in  Various  Regions 

This  information  is  generally  close  to  the  data  that  we  obtained 
in  Central  Asia.  The  attenuation  of  the  energy-density  flow  was  exam¬ 
ined  by  S.L.  Solov'yev  and  E.L.  Dzhibladze  [79]  on  materials  for 
earthquakes  occurring  in  the  Great  Caucasus.  In  accordance  with  the 
data  that  they  obtained,  the  attenuation  of  the  energy-flow  density  at 

Q  g 

distances  from  50  to  500  km  is  proportional  to  l/r3*  (curve  c  in  Fig. 

37),  and  this  is  close  to  the  damping  values  that  we  obtained,  and  is 

.  -2  c:  4  0 

proportional  approximately  to  l/r^*  -1/r  ‘  at  these  distances. 

Richter  and  Gutenberg  used  the  attenuation  of  the  maximum  three¬ 
dimensional-wave  amplitudes  as  the  basis  for  the  M  scale  [62].  Figure 
38  shows  Gutenberg's  and  Richter's  [96]  calibration  curve  (curve  £) 
which  we  converted  from  epicentral  distances  to  hypocentral  distances.* 
The  general  nature  of  the  curve  that  we  obtained  for  the  earthquakes 
of  Central  Asia  is  close  to  the  calibration  curve  derived  by  Gutenberg, 
differing  from  the  latter  by  a  somewhat  smaller  attenuation  at  dis¬ 
tances  of  r  >  100  km.  The  observed  difference  is  small  and  it  is  diffi¬ 
cult  to  say  whether  it  is  attributable  to  the  structural  features  of 
the  earth's  crust  in  Central  Asia  and  California,  or  .whether  it  is  as¬ 
sociated  with  the  difference  in  frequency  characteristics  for  the 
equipment  employed,  or  possibly  a  result  of  the  methods  employed  to 
interpret  the  seismograms. 

The  attenuation  of  the  maximum  amplitudes  was  also  studied  by 
Kawasumi  for  shallow  earthquakes  occurring  in  Japan.  The  curve  A(A) 
(Fig.  38,  curve  d),  that  he  obtained  on  a  section  ranging  from  100  to 
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400  km,  is  In  sufficiently  good  agreement  with  the  corresponding  sec¬ 
tion  of  a  curve  which  we  obtained  for  Central  Asia  (Pig.  38,  curve  a) 
by  means  of  the  VEGIK. 

V. I.  Bune  [6l]  examined  the  attenuation  of  energy  density  through 
the  records  of  the  Stalinabad  earthquake  of  1952,  said  records  pro¬ 
duced  by  the  seismic  stations  of  Central  Asia  (curve  _c  in  Fig.  36). 

The  closest  observation  point  —  the  Obi-Garm  station  —  is  located  at  a 
distance  of  r  —  90  km  from  the  epicenter.  According  to  these  data,  the 
attenuation  of  energy  density  at  distances  from  100  to  300  km  is  pro- 
portional  to  l/r  ,  whereas  at  distances  of  r  >  300  km  it  is  propor¬ 
tional  to  1/r^.  A  comparison  shows  that  Bune's  data  (curve  _c)  does  not 
contradict  the  curves  that  we  obtained  (curves  a  and  b)  on  the  section 
r  >  100  km.  However,  as  can  be  seen  from  a  comparison  of  the  curves, 
it  is  impossible  to  extrapolate  the  Bune  attenuation  curve  in  the  form 

p 

l/r  in  the  region  of  small  r  (the  extrapolation  i3  shown  by  the 

dashed  line  which  is  the  extension  to  curve  c) ,  since  in  the  region  of 

small  r  the  attenuation  increases  significantly  (up  to  l/r^). 

Evaluation  of  the  Role  Played  by  Deviation  and  Energy  Absorption  in 
the  Over-All  Attenuation  of  Energy  at  Small  Distances  from  the  Focus 

We  spoke  earlier  of  the  fact  that  in  order  to  establish  the  rela¬ 
tionship  between  energy  flow  E  through  the  reference  sphere  and  the 
total  seismic  energy  EQ  it  would  be  necessary  to  know  the  type  of  func¬ 
tion  for  attenuation  at  small  distances  from  the  focus  and  to  evaluate 
the  role  played  by  absorption  and  deviation,  factors  which  make  up  the 
total  attenuation. 

1.  The  deviation  in  seismic  waves  is  a  function  of  the  structure 
of  the  medium  and  the  type  of  wave.  Close  to  the  source,  at  distances 
r  from  the  focus  comparable  to  the  depth  of  the  focus,  i.e.,  at  r  -  h, 
the  amplitude  deviation  will  not  be  more  pronounced  than  l/r  -  l/r1' 
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For  the  density  of  the  energy  flow  IT,  proportional  to  the  square  of 

p 

the  amplitude,  the  deviation  at  these  distances  does  not  exceed  l/rc  — 
-  l/r^.  A  comparison  of  this  magnitude  of  deviation  against  the  mean 
empirical  curve  |if|(r)  -  l/r^'^  leads  one  to  the  conclusion  that  a 
single  geometric  deviation  cannot  produce  the  observed  attenuation  of 
energy-flow  density,  particularly  at  distances  of  r  <  40  km  from  the 
focus.  The  fact  that  the  attenuation  of  energy  density  E  is  somewhat 
weaker  than  the  attenuation  of  |e|  is  apparently  a  result  of  the  in¬ 
creased  vibration  duration  t  with  an  increase  in  the  distance  from  the 
focus. 

2.  Absorption.  At  the  present  time,  there  are  two  popular  theories 
on  the  absorption  of  elastic  waves:  there  is  the  theory  of  viscous 
friction  and  the  Deryagin  theory  that  is  based  on  the  phenomena  of 
elastic  aftereffects  [72].  For  rocks,  the  latter  is,  apparently,  in 
better  agreement  with  experimental  results  [76].  In  accordance  with 
this  theory,  the  amplitude  absorption  factor  jj  for  transverse  waves 
is  equal  to 


where  X  is  the  wavelength,  p  is  the  constant  for  the  material  in  ques¬ 
tion  and  e  is  the  absorption  decrement  that  is  independent  of  vibration 
frequency  within  a  wide  range  of  frequencies.  The  material  constant 
and  its  proportional  absorption  decrement  for  various  materials  and 
rocks  may  exhibit  rather  pronounced  differences. 

We  did  not  undertake  any  quantitative  separation  of  the  deviation 
and  absorption.  It  Is  doubtful  whether  any  such  distinction  could  be 
reliable  in  view  of  the  great  scattering  of  observed  points  on  the  at- 
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tenuation  curves.  Moreover,  it  makes  sense  to  determine  the  absorption 
factor  for  a  certain  frequency,  while  the  existing  data  indicate  that 
in  the  case  of  earthquake  records  produced  by  wideband  equipment  the 
dominant  vibration  frequencies  undergo  pronounced  changes  with  dis-* 
tance  [  98  ]  • 

A  sufficiently  great  amount  of  work  has  been  done  to  determine 
the  absorption  decrement  £  in  rocks  in  their  natural  state  or  in  rock 
•  specimens  [76,  99-105],  and  these  yield  a  value  of  e  ranging  from 
0.008  to  0.04.  The  absorption  factor  per  unit  length  is  associated 
with  the  decrement  e,  the  wavelength  X,  the  velocity  V  of  wave  propa¬ 
gation,  and  the  frequency  f  for  the  vibrations  by  the  following  func¬ 
tions: 

Knowing  the  frequency  composition  of  the  vibrations,  characteristic 
for  local  earthquakes  of  the  Gann  region,  and  having  assumed  a  certain 
value  for  the  attenuation  decrement,  we  can  arrive  at  an  estimation  of 
the  extent  to  which  the  absorption  affects  the  over-all  attenuation  of 
energy  under  local  conditions  within  the  range  of  hypocentral  dis¬ 
tances  from  5  to  80  km  in  which  the  TKSE  station  network  generally  re¬ 
cords  earthquakes. 

If  for  these  calculations  we  assume  e  =  0.01  we  will,  apparently, 
at  the  same  time  set  the  lower  limit  of  energy  absorption.  Substitut¬ 
ing  the  value  of  e  =  0.01  and  V  =  3*5  km/sec  for  granite  into  Formula 
(15),  we  will  obtain 

q(f)  =  0.0028f  km-1. 

Figure  4l  shows  the  drop  in  amplitudes  A  and  the  density  of  the 
energy  flow  in  the  case  of  seismic  waves  of  various  frequencies 
with  distance  for  plane  waves,  i.e.,  only  as  a  result  of  absorption. 
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These  curves  have  been  constructed  in  a  double  logarithmic  scale.  From 
an  examination  of  the  curve  (Fig.  4l)  we  can  see  easily  that  the  ab¬ 
sorption  of  vibrations  with  frequencies  of  the  order  of  1  to  3  cps,  at 
r  <  100  km,  can  have  no  substantial  effect  on  the  total  energy  attenua 
tion,  whereas  frequencies  of  the  order  of  10  to  20  cps  and  higher  ex¬ 
perience  extremely  intensive  absorption. 

The  actual  shape  of  the  total  energy-absorption  curve  is  a  func¬ 
tion  of  the  vibration  spectrum.  For  an  evaluation  of  this  portion  of 
total  energy  attenuation,  which  is  determined  by  absorption,  it  is 
evidently  necessary  to  be  familiar  with  the  spectrum  of  earthquakes 
occurring  close  to  the  focus,  for  example,  at  distances  of  5  to  10  km, 
and,  assuming  a  certain  value  for  the  absorption  decrement,  to  calcu¬ 
late  the  energy-attenuation  curves  individually  for  each  frequency  as 
well  as  a  summary  curve  for  all  frequencies. 

The  seismograms  of  the  ChISS  Installation  served  as  the  initial 
data  for  these  calculations.  On  the  basis  of  eighty  earthquake  record¬ 
ings  in  which  the  epicenters  were  situated  8  to  12  km  from  the  Chusal 
station,  curves  were  constructed  for  the  distribution  of  shift  ampli¬ 
tudes  for  the  frequency  interval  corresponding  to  the  various  channels 
of  the  ChISS  installation.  These  curves,  constructed  in  a  double  log¬ 
arithmic  scale,  will  henceforth,  for  simplicity,  be  referred  to  as 
spectra  (for  additional  details,  see  Chapter  5).  The  averaged  spectrum 
constructed  according  to  these  80  individual  earthquakes  (for  addi¬ 
tional  details  on  the  averaging  of  the  spectra,  see  Chapter  5>  §1), 
functioned  as  the  basis  for  the  calculation  of  absorption,  wherein  it 
was  assumed  that  the  absorption  decrement  e  =  0.01. 

Figure  42  shows  the  energy-absorption  curves  for  individual  fre¬ 
quencies  as  well  as  the  summary  curve  for  the  absorption  of  energy- 
flow  density  for  all  frequencies,  the  latter  curve  denoted  on  the 
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Fig.  4l.  Curve  of  drop  in  amp¬ 
litude  A  and  density  of  energy 

flow  |  If |  as  a  result  of  absorp¬ 
tion,  for  various  frequencies. 


Fig.  42.  Curve  of  energy  ab¬ 
sorption  'for  various  frequen¬ 
cies. 

graph  by  2.  The  latter  curve,  in  double  logarithmic  scale,  is  closer 
to  a  straight  line  than  the  curve  for  individual  frequencies.  This  is 
associated  with  the  fact  that  the  summary  curve  seems  to  serve  as  a 
type  of  envelope  for  the  exponential  curves  of  the  various  frequencies. 

The  function  l/r*  corresponds  approximately  to  the  slope  of  the 
summary  absorption  curve  in  the  double  logarithmic  scale.  If  we  take 
into  consideration  the  deviation  in  energy,  proportional  at  these  dis¬ 
tances  to  l/r^-l/r^,  we  will  find  that  the  total  attenuation  of  density 
for  the  energy  flow  at  e  =  0.01  must  be  proportional  to  1/r^-l/r^,  and 
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this  Is  close  to  the  observed  attenuation  of  |eT|,  proportional  to 
l/r3''1,  and  close  to  the  observed  attenuation  of  E,  proportional  to 

.  ii  G, 

1/r  .  This  Indicates  that  the  value  of  the  absorption  decrement  e  - 

=  0.C1  does  not  contradict  the  attenuation  pattern  for  seismic  waves 
of  various  frequencies  under  the  conditions  prevailing  in  the  Garm  re- 

p 

gion,  given  the  condition  that  the  deviation  is  proportional  to  l/r  - 
1/r3. 

There  is  another  way  of  estimating  the  agreement  between  the 
selected  value  of  e  -  0.01  and  the  actual  absorption,  without  any 
reference  to  the  nature  of  the  deviation,  i.e.,  according  to  the  de¬ 
formation  of  the  vibration  spectrum  with  an  increase  in  distance  from 
the  focus.  The  coincidence  of  the  calculated  (assuming  e  =  0.01)  and 
actually  observed  deformation  of  the  spectrum  can  serve  as  a  qualita¬ 
tive  confirmation  for  the  evaluation  accuracy  of  the  importance  of  ab¬ 
sorption  in  the  total  attenuation  of  energy. 

Figure  43  shows  the  calculated  and  actual  deformation  of  the 
spectrum  with  distance.  Unfortunately,  in  1955  to  1957,  there  was  only 
a  single  frequency-selection  station;  therefore  it  was  impossible  to 
verify  the  actual  deformation  of  the  spectrum  with  distance  for  pre¬ 
cisely  those  specific  earthquakes  whose  spectra  at  close  distances 
served  as  the  basis  for  the  calculation.  It  was  necessary  to  use  the 
average  spectra  of  various  earthquakes  in  order  to  judge  the  actual 
deformation  of  the  spectrum  with  distance;  the  hypocentral  distances 
from  these  various  earthquakes  to  the  Chusal  station  ranged  from  8-10 
to  80-100  km.  A  comparison  of  the  calculated  (curve  a)  and  the  ob¬ 
served  (curve  b)  deformation  of  the  soil-shift  spectra  with  distance 
from  the  focus  indicates  that  they  are  in  good  agreement  with  one  an¬ 
other.  This  again  serves  to  confirm  the  accuracy  of  the  cited  evalua¬ 
tions  of  e. 
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Fig.  43.  Deformation  of  shift 
spectrum  as  a  result  of  absorp¬ 
tion,  with  increasing  hypocen- 
tral  distance:  a)  theoretical 
(calculated);  b)  actual;  1)  10 
km  (9  earthquakes);  2)  f,  cps. 


Thus  the  energy  absorption,  particularly  for  vibrations  of  high 
frequencies,  plays  a  substantial  role  in  the  total  attenuation  of  en¬ 
ergy  close  to  the  focus. 

§4.  GRAPHICAL  METHODS  OF  CALCULATING  EARTHQUAKE  INTENSITY  (ENERGY) 
Basic  Nomograms 

The  calculation  of  earthquake  energy  E  (or  EQ)  according  to  For¬ 
mulas  (8)  and  (9)  is  most  conveniently  carried  out  graphically,  by 
means  of  nomograms  constructed  according  to  the  following  principle. 

If  the  family  of  curves  obtained  by  means  of  parallel  translation 
along  the  axis, log  E  of  the  calibration  curve  E(r)  is  constructed  on  a 
graph  in  a  double  logarithmic  scale  (log  r  —  log  E) ,  and  this  family 
of  curves  will  represent  the  energy  scale. 

Let  us  select  a  rational  method  of  dividing  this  scale  and  let  us 
also  select  the  value  of  the  ordinates  for  the  curves  at  r  =  R.  Ear¬ 
lier  (§3),  the  accuracy  of  the  energy  determination  was  evaluated  In 
terms  of  the  mean  magnitude  of  deviation  from  the  averaging  curve  for 
the  individual  points  on  the  summary  attenuation  curve  for  E(r).  This 
mean  deviation  is  equal  to  +0.5  of  an  order  of  magnitude.  In  this  con¬ 
nection,  it  is  sufficient  to  set  one  order  of  magnitude  as  the  divi- 
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sion  for  such  a  logarithmic  scale. 

So  that  the  whole  values  of  the  energy  logarithms  will  correspond 

to  the  center  of  the  interval  between  the  two  curves,  we  will  select 

such  values  of  energy  density  E  on  a  sphere  of  radius  R  =  10  km,  at 

which  the  energy  logarithm  is  equal  to  some  half  number,  i.e. , 

log  E  Joule  =  K  +  0.5  or  log  Eerg  =  K  +  7  +  0.5,  where  K  =  1,  2,  .... 

as  the  Initial  ordinates  of  these  curves.  In  this  case,  at  points  R  = 

=  10  km,  the  energy  density  must  satisfy  the  equality 

log  E  erg/cm2  =  K  +  7  —  log  (47iR2)  +  0.5* 

•  •  1 

Into  this  equation,  in  the  place  of  R,  substitute  its  value  of  R  =  10^ 
cm,  and  we  will  obtain 

log  E  erg/cm2  =  K—  6.1  +  0.5* 

This  principle  was  employed  in  the  construction  of  the  nomograms 
that  were  used  in  connection  with  the  SVK,  SGK,  and  VEGIK  equipment. 
Certain  additions  and  changes  were  introduced  into  the  working  ver¬ 
sions  of  the  nomograms,  and  these  had  the  purpose  to  achieve  the 
greatest  possible  simplification  of  all  calculations. 

1.  The  hypocentral  distances  in  the  range  from  1  to  150  km  were 
plotted  not  only  in  kilometers  but  in  units  of  (t  —  t  )  seconds,  meas- 

ured  according  to  the  seismogram.  The  magnitude  of  the  energy  density 

o 

E  Is  not  plotted  in  ergs  per  cm  ,  but  in  the  units  of  the  quantity 
2  2 

ZA  ft,  where  A  is  taken  In  millimeters  on  the  seismogram.  In  this 
case,  the  initial  ordinates  are  determined  in  the  following  manner: 

Ik  f  2 Mi/fr).  +  = 

L  *  s  ft  J 

=  K  +  7  —  ig  (4^*  ^ )  ±0.5,  ( 16) 

at  t  —  t  =  1.2  sec. 
s  p 

We  will  calculate  the  ordinates  of  the  curves  for  the  nomograms 
(Pig.  44)  constructed  for  the  earthquake  recordings  produced  by  the 
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VEGIK  seismograph.  The  values  of  the  constants  in  Formula  (16)  are  as 
follows:  "V  =  2*10^  cm/cm  or  if  amplitudes  are  being  measured  in  mm, 

"V  =  2*10^  mm/cm;  R  =  10^  cm;  p  =  2.7  g/cm^;  Vg  =  3* 5* 10^  cm/sec.  Hence, 

te'W?  2.JM0*; 

lg  y,  Ay-.  =  /»•  7  - ±  o,:>  =  /«*  -  2,5  —  o,5. 

Correspondingly,  for  the  SGK  (SVK)  seismographs,  assuming  a  magnifica¬ 
tion  of  "7  =  1000  cm/cm  or  V  =  10,000  mm/cm,  we  have 

=  1.2-10**; 

l- ^  .i2/"-  -  /r- 5.1- o,5. 

2.  Since  earthquakes  whose  foci  are  situated  in  sedimentary  and 
base  rocks  differ  in  nature  of  attenuation,  two  systems  5f  "caTibrar=.  -  — 
tion  curves,  corresponding  to  two  types  of  attenuation,  have  been 
plotted  on  the  nomogram  (Fig.  45)  constructed  for  the  seismograms  of 
the  SGK. 

3.  In  order  for  the  energy  scale  on  the  nomogram  to  represent  a 
family  of  straight  lines  (in  this  case,  it  is  more  convenient  to  un¬ 
dertake  the  averaging  of  the  data  from  various  stations),  the  scale  of 
the  axis  of  abscissas  is  deformed  somewhat  In  order  to  transform  the 
calibration  curves  into  straight  lines. 

p  O 

4.  For  convenience  in  the  calculation  of  the  quantity  A  f  on  the 
basis  of  the  values  of  amplitude  A  and  frequency  f  there  is  an  addi¬ 
tional  nomogram  to  the  left  of  the  basic  nomogram,  this  additional 

2  2 

nomogram  consisting  of  three  vertical  scales:  A,  f,  and  A  f  .  Plotting 
the  recording  values  of  A  in  mm  on  the  extreme  scales  and  the  vibra¬ 
tion  frequency  f  in  cps,  we  can  link  the  obtained  points  by  a  straight 
line.  The  intersection  of  this  straight  line  with  the  center  scale 

p 

yields  the  square  of  the  product  of  these  quantities  (Af)  ;  the  mul¬ 
tiplication  by  x  and  the  addition  of  the  quantities  A2f2T  for  longi¬ 
tudinal  and  transverse  waves  is  carried  out  mentally. 
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The  further  determination  of  energy  according  to  the  nomogram  can 
be  reduced  to  the  following.  Let  certain  quantities 

be  determined  on  the  seismograms  of  several  stations  in  mm2/sec  and 

(t  -  t  )  in  sec  or  r  in  km.  Plotting  these  values  on  the  nomogram,  we 
'  s  p  — 

will  obtain  a  series  of  points  lying  within  a  certain  band.  The  energy 
corresponding  to  the  center  of  this  band  is  ascribed  to  the  earthquake. 

In  addition  to  expressing  energy  in  joules,  energy  classes  have 
been  introduced,  since  these  are  more  convenient  in  practical  opera¬ 
tions.  Denoting  the  class  number  by  K,  we  will  determine  this  number 

IT 

according  to  the  formula  E  =  10  Joules,  and 

K  =  log  (E  joule)  =  log  (E  erg)  -  7  =  log  (E  megajoule)  +  6. 

Scale  of  Total  Seismic  Energy 

Earlier  (§1)  it  was  mentioned  that  an  energy  scale  could  be  con¬ 
structed  on  the  basis  of  the  energy  flow  EQ  through  a  sphere  of  vari¬ 
able  radius,  equal  to  the  focal  dimension  rQ,  i.e.,  on  the  basis  of 
the  magnitude  of  total  seismic  energy.  The  ratio  between  the  quanti¬ 
ties  E  and  EQ  for  one  and  the  same  earthquake  is  expressed  by  the  fol¬ 
lowing  formula: 

-•  =  (-•)'  *(f»> 
e  \a)  </&)' 

In  order  to  estimate  the  magnitude  of  this  ratio  quantitatively, 
we  must  make  certain  assumptions  pertaining  to  the  focal  dimensions  rQ 
and  the  nature  of  attenuation  close  to  the  focus. 

The  empirical  determination  of  the  attenuation  function  for  small 
distances  (1-50  km)  demonstrated  that  the  attenuation  function  at  these 
distances  has  the  form  of  a  power  function 
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The  exponent  n  of  the  attenuation  function  at  these  distances  is  equal 
to  4-4.5,  and  in  this  case  we  do  not  observe  any  drop  in  the  magnitude 
of  n  as  we  approach  the  focus.  The  data  of  N.V.  Shebalin  [106]  on  the 
values  of  Iq  of  earthquakes  at  the  epicenter  as  functions  of  depth  h 

/„ - - 


permit  us  to  maintain  that  energy  density  declines  with  distance  r  at 

.  4 

r  >  h,  according  to  a  law  close  to  1/r  . 

-V 


■v 

I 

1 

t 

t 

44 


3 

M 


V 

i 

i 

i 

i 

4 

3 


I 

♦* 


/#’■ 

It1 

H‘ 

fl* 

IB1 4- 


II 


ir' 


IB'1 


r- 

i 


t  rrr 
a  t  us 


4  5 


II  U 


t-Htf 


Pig.  45.  Nomogram  for  calculation  of  earthquake  energy  accord¬ 
ing  to  SGK  seismograms,  l)  f,  cps;  2)  T,  sec;  3)  E,  erg/cm2. 


-140- 


165 


Relying  on  these  data,  we  will  maintain  that  tne  law  governing 
the  attenuation  of  energy  density  at  all  distances  down  to  the  focal 
boundary  remains  constant  even  at  r  =  1-50  km,  and  we  will  assume 

'<(')  =  7?  •  (17) 

An  evaluation  of  the  focal  dimensions  for  earthquakes  of  various 
strength  is  carried  out  in  Chapter  6,  where  we  obtained  the  following 
relationship:* 

a. a _ 

rUM  =  l-’i  L  joule.  ( 18) 

We  will  use  Expressions  (17)  and  (18)  in  order  to  estimate  the  rela¬ 
tionship  between  total  seismic  energy  EQ  and  the  energy  flow  E  through 
the  reference  sphere  of  radius  R  =  10  km.  Instead  of  ^(r)  and  rQ,  let 
us  substitute  their  values  from  (17)  and  ( 18)  into  (10)  and  taking  the 
logarithms,  we  will  obtain 

lg  E9  &  5,64  4-  0,62 1)?  E.  (19) 

An  examination  of  Expression  (19)  indicates  that  the  total  energy 
Eq  of  weak  earthquakes  is  substantially  greater  than  the  flow  of 
energy  E  through  the  reference  sphere.  And  only  for  earthquakes  with 

lli 

energies  of  E  =  10  joules  for  which  rQ  =  10  km  =  R  does  the  total 
energy  Eq  coincide  with  the  energy  E  on  the  reference  sphere. 

For  more  powerful  and  destructive  earthquakes,  the  quantity  E  has 
no  physical  significance.  As  has  already  been  pointed  out  (§1)  such 
earthquakes  should  be  classified  according  to  the  energy  flow  Eq  of 
three-dimensional  waves  through  the  surface  Sq  of  the  focus.  However, 
the  calculation  of  this  quantity  for  powerful  earthquakes  encounters  a 
series  of  difficulties.  First  of  all,  the  assumption  adopted  above 
that  the  surface  of  the  focus  is  a  sphere  in  the  case  of  powerful 
earthquakes  is  not  valid.  We  know  that  the  foci  of  shallow  powerful 
earthquakes  frequently  are  quite  extended  in  a  given  single  horizontal 
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direction,  whereas  the  zone  of  destruction  in  the  vertical  direction 
may  possibly  not  extend  beyond  the  boundaries  of  the  earth's  crust 
(30-45  km).  Therefore,  an  evaluation  of  the  focal  dimensions  rQ,  as 
carried  out  in  Chapter  6,  can  also  be  extended  conventionally  to  the 
region  of  powerful  earthquakes,  if  a  sphere  of  radius  r^  is  assumed 
approximately  to  be  equal  to  the  volume  of  the  focus.  Then,  using  the 
relationship  between  r^  and  Eq,  as  obtained  in  Chapter  6, 

/vk  ^  <>,27  V /-u  joule, 

we  will  calculate  EQ  as  the  flow  of  energy  through  the  sphere  of  vari¬ 
able  radius  Tq.  Correspondingly,  the  initial  ordinates  for  the  curves 
on  the  nomogram  for  the  calculation  of  the  energy  of  powerful  earth¬ 
quakes  are  not  calculated  for  r  =  10  km,  but  for  Tq  >  10  km 

log  r  m  =  + 0,5)  — 0,57. 

Amplitude  Nomogram 

The  energy  density  determined  according  to  the  seismogram  depends 
on  the  amplitude  A,  frequency  f ,  and  on  the  duration  t  of  the  vibra¬ 
tions.  Observations  indicate  that  the  vibration  duration  is  determined, 
primarily,  by  the  hypocentral  distance  r.  The  dominant  frequency  f  also 
depends  primarily  on  the  energy  of  the  earthquake  and  the  hypocentral 
distance.  Generally,  with  constant  amplitude  and  hypocentral  distance, 
the  energy  density  of  various  earthquakes,  as  a  function  of  frequency 
and  vibration  duration,  may  vary  by  no  more  than  0.3-0* 5  of  an  order 
of  magnitude.  In  other  words,  the  energy  at  this  distance  from  the 
focus  is  primarily  determined  by  the  amplitude. 

This  circumstance  makes  it  possible  to  determine  approximately 
the  energy  of  earthquakes  on  the  basis  of  amplitudes  alone,  without 
taking  into  consideration  frequency  and  vibration  duration,  by  estab¬ 
lishing  a  correlative  relationship  between  amplitude,  distance,  and 
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earthquake  energy.  Such  an  evaluation  of  energy  would  serve  as  a  type 
of  "express"  method,  making  it  possible  rapidly  and  with  comparatively 
limited  work,  to  achieve  the  energy  classification  of  all  recorded 
earthquakes,  without  exception.  The  amplitude  method  of  estimating 
energy  requires  no  great  skill  on  the  part  of  the  observer  and  may  be 
employed  with  a  small  recording  time  sweep,  which  would  not  permit  a* 
determination  of  vibration  frequency. 

The  basis  of  the  nomogram  for  the  determination  of  energy  in  ac¬ 
cordance  with  the  sum  of  maximum  amplitudes  is  the  curve  presented 
above  (Pig.  38)  for  the  attenuation  of  amplitudes  with  distance  and 
the  correlation  curve  between  the  sum  of  the  maximum  amplitudes,  re¬ 
ferred  to  a  certain  fixed  distance,  and  the  earthquake  energy  deter¬ 
mined  in  accordance  with  the  system  described  earlier.  For  the  con¬ 
struction  of  the  curve  of  the  latter  approximately  800  earthquake  re- 
cordings  with  energies  ranging  from  10  to  10  J  Joules  were  processed. 
Figure  46  shows  the  results  of  these  measurements.  The  earthquake  en¬ 
ergy  E  has  been  plotted  in  logarithmic  scale  along  the  axis  of  abscis¬ 
sas,  and  the  sum  of  maximum  amplitudes  A^  +  Ag  shown  in  mm  on  a  VEGIK 
seismogram,  referred  to  a  certain  fixed  distance  r'  according  to  the 
amplitude-attenuation  curve  (Fig.  38),  has  been  plotted  along  the  axis 
of  ordinates.  The  following  equation  corresponds  to  the  averaging 
curve,  a  straight  line, 

lg/;  =  1,8  lg  (Ap  4-  ■'IiVtC  ('■')•  (2°) 

The  quantity  C,  determined  from  the  curve,  will  vary  as  a  function  of 
r'.  Thus  at  r'  =  10  km,  C  will  be  equal  to  3*9;  at  r'  =  100  km,  C  =  7.5. 

The  amplitude  nomogram  for  the  determination  of  energy  (Fig.  47) 
represents  a  family  of  curves  for  the  attenuation  of  maximum  amplitudes 
(A?  +  a8)vE0IK'  constructed  in  a  coordinate  system  in  which,  in  loga¬ 
rithmic  scale,  the  maximum  vibration  amplitudes  in  ram  on  the  VEGIK 
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seismogram  have  been  plotted  along  the  axis  of  ordinates,  and  the  hy- 
pocentral  distances  have  been  plotted  along  the  axis  of  abscissas.  As 
in  the  basic  nomogram,  the  scale  along  the  axis  cf  abscissas  is  loga¬ 
rithmic,  deformed  so  that  the  calibration  curve  is  converted  into  a 
straight  line.  The  divisions  of  the  scale  are  chosen  so  as  to  be  equal 
to  a  single  order  of  magnitude  in  energy,  and  this  corresponds  to  O.56 
of  an  order  of  magnitude  in  amplitude.  The  initial  ordinates  of  the 
curves  are  determined  by  Eq.  (20)  under  the  condition  that  the  center 
of  the  interval  between  the  two  curves  corresponds  to  the  whole  value 
of  the  logarithm  of  K  for  energy 

.1.)  =  0,56 (K± 0.5  —  C)  A‘=  1,2,... 

For  example,  the  curves  which  constitute  the  upper  and  lower  bounda¬ 
ries  of  the  nomogram  band  corresponding  to  an  energy  of  E  =  10^  Joules 
(K  =  6),  have  the  following  ordinates  at  r'  =  10  km  and,  this  means, 
at  C  =  3-9: 

!«(•*,.-  .1,)  =U,.1G  (G  —  —  0,5)  =  1,17^0.28, 

i.e.,  at  r'  =  10  km  the  maximum  earthquake  amplitudes  of  the  sixth  en¬ 
ergy  classification  range  from  7  to  25  mm. 

The  determination  of  energy  according  to  maximum  amplitudes,  natu¬ 
rally,  is  less  exact  than  the  determination  of  energy  involving  a  con¬ 
sideration  of  frequency  and  vibration  duration.  The  magnitude  of  the 
energy  errors  associated  with  this  method  can  be  estimated  in  accordance 
with  the  scattering  of  the  points  on  the  correlation  graph  relative  to 
the  averaging  curve.  On  the  basis  of  the  magnitudes  of  energy  deviation 

Slog  E  from  the  average  relationship  E  =  E(A) 

Slg£  =  lgE  —  \gE(A) 

the  curve  N  =  N(SlogE)  was  constructed  for  the  distribution  of  the  num¬ 
ber  of  deviations  (Fig.  48).  It  follows  from  an  examination  of  the 
curve  that  the  probable  error  in  the  determination  of  energy  according 
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Pig.  46.  Correlation  graph  between  magni¬ 
tudes  of  maximum  amplitudes  at  distance 
of  r'  =  10  km  and  earthquake  energy. 

to  the  maximum  amplitudes  amounts  to  0.4  of  an  order  of  magnitude,  and 
here  the  maximum  value  of  the  error  does  not,  for  all  intents  and  pur¬ 
poses  (in  97J6  of  all  cases),  exceed  one  order  of  magnitude. 

We  may  maintain  that  the  determination  of  energy  according  to  the 
maximum  amplitudes  will  introduce  no  great  error  and  this  method  can 
be  recommended  as  an  "express”  method  for  purposes  of  energy  classifi¬ 
cation,  primarily  for  the  numerous  weak  earthquakes. 
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Pig.  47.  Nomogram  for  the  determination  of  energy  according  to  maximum 
VEGIK  amplitudes,  l)  A  +  A_  in  mm,  on  recording;  2)  seismograph  mag- 
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§5.  COMPARISON  OF  VARIOUS  ENERGY  CLASSIFICATIONS 

The  energy  classification  described  above  Is  based  on  the  em¬ 
pirical  damping  function  determined  by  shape  and  on  the  fixed  magni¬ 
tude  of  the  integration  sphere.  It  is  therefore  natural  that  both  a 
change  in  the  radius  of  the  integration  sphere  as  well  as  the  assump¬ 
tion  of  a  different  nature  for  the  damping  function  (one  not  confirmed 
by  experience)  will  result  in  substantially  different  values  for  the 
magnitude  of  energy  E. 

Below  we  present  a  comparison  of  the  TKSE  energy  classification 
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Fig.  48.  Distribution  of  earth¬ 
quake  -energy  deviations,  from 
the  mean  correlation  E  =  E(A), 
calculated  by  means  of  the 
nomogram  presented  in  Fig.  47. 


Fig.  49.  The  difference  A  log  E 
between  the  energy  flow  through 
the  reference  sphere  and  the 
energy  calculated  according  to 
the  Golitsyn-Bune  formula. 


with  certain  other  energy  classifications,  as  well  as  with  a  relative 
scale  of  "magnitudes"  —  the  scale  N. 

Energy  According  to  the  Gutenberg  Formula 

Energy  according  to  the  Gutenberg  [63]  Formula  is,  in  essence, 
equal  to  the  energy  flow  through  the  sphere  having  a  radius  equal  to 
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the  focal  depth  h 


/■=3 

In  using  this  formula,  we  assumed  the  magnitude  h  to  be  equal  to 
the  average  depth  of  the  California  earthquakes,  i.e.,  h  =  16  km.* 
Gutenberg's  and  Rikhter's  method  of  determining  energy  density  at  the 
epicenter  is  somewhat  different  from  the  one  described  above.  For  ex¬ 
ample,  it  is  maintained  that  T  and  _t  are  virtually  independent  of  dis¬ 
tance  and  only  the  amplitude  A  is  referred  to  its  values  Aq  at  the  epi¬ 
center  according  to  the  calibration  curve  A  =  A(A),  which  is  extremely 
close  to  the  amplitude -attenuation  curve  that  we  obtained  from  observa¬ 
tions  of  earthquakes  in  Central  Asia.  We  can  maintain  that,  despite 
small  methodological  differences,  the  determination  of  energy  (accord¬ 
ing  to  the  Gutenberg  formula  and  the  method  employed  by  the  expedition) 
is  essentially  similar  and  the  two  methods  should  yield  quantitatively 
close  results. 

Energy  According  to  Golitsyn's  [56]  Method 

In  essence,  this  energy  is  a  flow  of  energy  of  elastic  waves 
through  a  sphere  with  a  radius  equal  to  the  epicentral  distance  A  to 
the  station  at  which  it  is  calculated:  • 

However,  because  the  actual  damping  of  seismic  waves  differs  from 

p 

the  adopted  quantitative  relationship  l/A  ,  the  magnitude  of  energy 
calculated  according  to  this  formula  loses  its  specific  physical  sense: 
for  one  and  the  same  earthquake,  the  energies  calculated  according  to 
data  from  stations  lying  at  various  distances  from  the  focus  prove  to 
be  varied  as  well. 

In  order  to  be  able  to  compare  data  on  the  flow  of  energy  through 
a  sphere  with  radius  R  =  10  km  against  the  data  for  earthquakes  whose 

m 


energy  was  determined  according  to  the  Golitsyn  formula  (for  example, 
[12,  68]  and  [6l,  107]),  it  is  necessary  to  estimate  the  magnitude  of 
the  systematic  energy  discrepancy,  determined  according  to  each  of  the 
methods,  as  a  function  of  hypocentral  distance.  In  determining  energy 
according  to  Golitsyn's  formula,  the  authors  mentioned  above  generally 
made  use  of  SGK  and  SVK  seismograms  with  which  the  Central  Asian  sta¬ 
tions  had  been  equipped;  here,  the  eplcentral  distances  lie  within 
limits  of  from  50  to  300  km.  Therefore,  for  a  quantitative  evaluation 
of  the  magnitude  of  energy  discrepancy  A  log  E  =  log  ETKS£  — 

—  log  E(jol^ts,  which  can  be  anticipated  if  the  TKSE  method  and  the 
Golitsyn  formula  are  used,  we  will  use  the  damping  curves  constructed 
according  to  the  SGK  seismograms. 

The  quantity  A  log  E  as  a  function  of  distance  r  can  be  calculated 

by  a  simple  graphical  method  that  is  illustrated  in  Fig.  49.  Here, 

with  a  double  logarithmic  scale,  are  presented  the  curves  (a  and  b) 

for  damping  according  to  SGK  data  for  two  types  of  earthquakes  (see 

page  140),  and  the  magnitude  of  the  energy  density  E  at  r  =  10  km  (In- 

« 

itial  ordinate)  is  assumed  to  be  unity.  The  graph  of  the  function  1/r2 
(curve  jc)  was  constructed  from  this  same  initial  point  for  r  =  10  km. 
Evidently,  the  difference  in  the  ordinates  of  the  empirical  attenuation 
curve  and  the  curve  l/r  at  any  distance  r  >  10  km  will  be  equal  to 
A  log  E.  As  can  be  seen  from  the  curves,  for  earthquakes  of  the  first 

type  (curve  a)  the  magnitude  A  log  E  on  the  average  attains  1.5  orders, 

dropping  to  one  order  of  magnitude  at  r  =  30  km.  For  earthquakes  of 
the  second  type  (curve  b)  thi3  difference  is  smaller  and  attains  a 
single  order  of  magnitude  only  at  distances  ranging  from  r  =  50  to  100 
km.  At  distances  of  r  =  150  to  250  km,  where  there  is  a  "hump"  on  the 
damping  curve,  this  difference  decreases  to  0.5  to  0.2  of  an  order  of 
magnitude.  On  the  average,  in  the  range  of  distances  from  10  to  300  km, 
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energy  determined  according  to  the  Golitsyn  formula  is  approximately 
smaller  by  one  order  of  magnitude  than  the  energy  determined  by  the 
TKSE  method. 

The  estimates  of  magnitude  A  log  E  obtained  above  represent  sys¬ 
tematic  deviation.  The  observed  values  of  A  log  E  obtained  in  practice 
may  even  be  somewhat  greater  (approximately  up  to  2.5  orders  of  mag¬ 
nitude)  as  a  result  of  random  deviations. 

Thus  if  we  use  the  earthquake  energy  data  determined  according  to 
the  Golitsyn  formula  in  the  works  cited  above  and  in  similar  projects, 
it  is  necessary  to  bear  in  mind  that  the  obtained  energy  magnitudes 
are,  on  the  average,  lower  by  approximately  one  order  of  magnitude 
than  the  energy  flow  through  the  sphere  with  radius  R  =  10  km. 

The  above  refers  to  comparatively  weak  earthquakes  (log  E  <  14), 
for  which  the  class.i  Tication  with  respect  to  the  magnitude  E  is  applic¬ 
able.  For  more  intense  earthquakes,  the  magnitude  of  possible  devia¬ 
tions,  apparently,  may  be  smaller.  This  is  associated  with  the  fact 
that  for  powerful  earthquakes  the  focal  dimension  r^  >  10  km  and  their 
energy  E  are  calculated  by  integration  over  the  sphere  with  radius 
rQ  >  R.  However,  the  attenuation  curve  from  the  SGK  data  becomes  mark¬ 
edly  smoother  beginning  at  distances  r  =  80-50  km,  forming  a  "step"  or 
"hump"  on  approaching  l/r  . 

Relative  Scale  of  Magnitudes  M 

The  relative  scale  of  magnitudes  first  introduced  by  Ch.  Richter 
[62]  has  now  come  into  widespread  use.  The  magnitude  M  of  an  earthquake 
is  the  logarithm  of  the  ratio  between  the  maximum  amplitudes  of  the 
threedimensional  waves  of  the  given  earthquake  and  the  amplitudes  of 
the  same  waves  for  a  "standard"  earthquake  for  which  M  =  0  at  one  and 
the  same  distance  from  the  focus.  The  calibration  curve  (the  relation¬ 
ship  between  amplitudes  and  the  epicentral  distance  a)  and  the  level 
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of  the  curve  (at  r  =  100  km,  the  amplitude  on  the  recordings  produced 
by  the  Vud-Andersen  [sic]  seismograph  is  equal  to  1  p.)  are  given. 

Subsequently,  the  M  scale  was  generalized  for  greater  epicentral 
distances  [66,  67].  At  the  present  time,  there  are  methods  for  the  de¬ 
termination  of  M  on  the  basis  of  threedimensional  and.  surface  waves, 
according  to  maximum  amplitudes  on  recordings  produced  by  a  certain 
instrument,  or  according  to  the  amplitudes  of  soil  shifts,  as  well  as 
on  the  basis  of  the  ratio  of  maximum  amplitude  to  period.  A  detailed 
analysis  of  these  methods,  as  well  as  a  description  of  the  M  scale 
worked  out  by  S.L.  Solov'yev  and  N. V.  Shebalin  (utilized  in  the  USSR) 
can  be  found  in  References  [68-70]. 

Since  for  many  problems  the  expression  of  earthquake  magnitude  in 
the  dimensionless  relative  scale  is  inadequate,  attempts  are  being 
made  to  find  a  relationship  between  magnitude  M  and  seismic  earthquake 
energy  E.  The  authors  who  derived  the  M  scale  [63,  65,  96,  108]  and 
other  investigators  [109-111]  present  a  great  number  of  empirical  for¬ 
mulas  relating  these  magnitudes  and  they  sire  of  the  following  form 

\\iE  ~  a  ~  b.M  (21) 

(sometimes,  a  term  with  M2  is  also  introduced).  The  values  of  each  of 
the  parameters  a  and  b  frequently  exhibit  pronounced  divergences  for 
various  authors.  These  divergences  may  be  the  result  of  features  con¬ 
tained  within  the  energy-calculation  method  or  may  be  a  result  of  the 
fact  that  formulas  of  the  type  (21)  average  a  cluster  of  points  that 
frequently  have  a  comparatively  small  interval  of  change  for  the  two 
quantities  M  and  E  and  yet  differ  in  a  large  scattering  of  points  as  a 
result  of  various  determination  errors.  In  view  of  the  latter  circum¬ 
stance,  formulas  that  exhibit  pronounced  differences  can,  within  a  cer¬ 
tain  range  of  changes  in  M,  yield  close  results.  Therefore,  in  order 
to  compare  the  formulas  of  the  various  authors  it  is  most  convenient 
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Fig.  50.  Relationship  between  energy  E 
Joules  and  magnitude  M  according  to  data 
of  various  authors,  a)  TKSE  (log  E  =  4  + 
+  1.8M);  b)  TKSE  (log  Eq  =  8  +  1.1  M); 

c)  Solov'yev  [12]  (log  E  =  4  +  1.7  M) ; 

d)  Solov'yev  [12]  ( log  E  =  3  +  1. 7  M) ; 

e)  Bune  [6l]  (log  E0  =  3-5  +  1.7  M) ;  f) 

Gutenberg  [63]  (log  E  =  4  +  1.6  M) ;  g) 
Gutenberg  [96]  (log  E  =  2.4  +  2.14  M  — 

-  C.054  M2);  h)  De  Noyer  [109]  ( log  E  = 
=  0.76  +  1.87  M);  1)  log  E  Joules. 


to  present  graphically  the  relationship  between  M  and  E  that  they  have 
derived.  Figure  50  shows  Function  (21)  according  to  the  data  from  a 
series  of  foreign  and  Soviet  authors. 

There  are  various  possible  methods  of  carrying  out  a  comparison 
of  the  M  scale  with  the  energy  classification  adopted  by  the  TKSE.  Hie 
first  of  these  involves  a  comparison  of  data  from  many  earthquakes  for 
which  energy  has  been  determined  according  to  the  TKSE  method  and  in 
which  the  magnitude  M  has  been  determined  according  to  the  method  pro¬ 
posed  by  S.L.  Solov'yev.  However,  unfortunately  the  magnitude  M  is  not 
given  for  all  earthquakes  cited  in  the  Bulletin  of  the  Seismic  Network 
of  the  USSR.  From  1956  on,  when  the  low-sensitivity  VKh  seismograph 
went  into  operation,  said  seismograph  making  it  possible  to  determine 
reliably  the  energy  of  comparatively  powerful  (E  =  10^-10^  Joules) 
earthquakes  according  to  data  from  near-by  stations,  by  1958  it  had 

_  177  _ 


been  possible  to  obtain  Joint  data  only  for  27  earthquakes.  The  ex¬ 
tremely  small  range  of  changes  in  E  and  M,  in  which  lie  the  existing 
points,  do  not  permit  the  drawing  of  any  reliable  curve. 

The  second  method  is  based  on  the  initial  determination  of  the 
M  scale  presented  by  Richter  [62]  (the  so-called  ML  scale),  and  it  has 
the  advantage  that  it  makes  it  possible  to  use  *a  greater  volume  of  ma¬ 
terial  for  purposes  of  comparison  because  it  can  employ  the  data  from 
a  great  many  weak  earthquakes.  There  is  also  the  important  fact  that 
the  magnitude  of  maximum  amplitude  serves  as  the  basis  for  the  initial 
determination  of  M  for  a  comparatively  small  distance  of  r  =  100  km, 
and  this  is  close  to  the  distances  at  which  earthquakes  are  generally 
recorded  under  TKSE  conditions. 

The  relationship  between  M  and  E  was  sought  in  the  form  of  (21). 
The  values  of  the  coefficients  a  and  b  were  found  in  the  following  man¬ 
ner.  Apparently,  the  coefficient  b  characterizes  the  slope  of  the  av¬ 
eraging  straight  line  in  Fig.  46  where,  the  earthquake  energy  and  the 
logarithm  of  the  amplitude  at  a  fixed  distance  from  the  focus  are 
plotted  along  the  axes.  The  latter  quantity  is  proportional  to  M.  The 
value  of  the  angular  coefficient  of  the  curve  in  Fig.  46,  on  which 
there  are  approximately  300  points  for  earthquakes  with  energies  rang¬ 
ing  from  104  to  10^  joules,  .is  equal  to  b  =  1.8. 

The  parameter  a  in  Eq.  (21)  is  the  logarithm  of  earthquake  energy 
with  a  zero  value  for  M.  By  definition,  an  earthquake  of  this  type  has 
its  maximum  amplitude  on  the  recordings  produced  by  the  Andersen-Vud 
[sic]  seismograph  (A  =  1  \i  at  r  =  100  km).  The  frequency  characteris¬ 
tics  of  the  VEGIK  and  the  Andersen-Vud  [sic]  seismographs  are  suffi¬ 
ciently  close.  The  magnification  of  these  instruments  for  the  maximum 
of  the  frequency  characteristics  is  equal  to  20,000  and  2800,  respec¬ 
tively.  We  should  also  bear  in  mind  that  in  the  method  employed  by  the 
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expedition  It  is  not  the  maximum  wave  amplitude  A_  that  is  generally 

s 

determined,  but  rather  the  total  of  maximum  wave  amplitudes  A  and  A  , 

'  p  s ' 

said  total  approximately  1.3-1. 5  times  greater  than  the  amplitude  of 
the  S  waves.  In  this  case,  we  may  state  that  an  earthquake  with  a  zero 
value  of  magnitude  (M  =  0)  at  a  distance  of  100  km  will  show  a  total 
of  maximum  amplitudes  Ap  +  Ag  on  the  VEGIK  seismogram  that  is  equal  to 
10  p,  i.e.,  0.01  mm.  In  accordance  with  the  energy-determination  amp¬ 
litude  nomogram  presented  in  Fig.  47,  an  enepgy  of  E  =  10^  Joule  cor¬ 
responds  to  this  type  of  earthquake,  i.e.,  a  =  log  =  4  or  if 

energy  is  measured  in  ergs,  then  a  =  11. 

Thus  we  obtain  a  relationship  between  magnitude  M  and  energy  flow 
E  tiirough  the  sphere  with  redius  R  =  10  km  which  takes  the  form 

log  E  Joules  =  4  +  1.8  M 

or  ( 22) 

log  E  erg  =  11  +  1.8  M. 

Earlier  (§3)  we  spoke  of  the  fact  that  the  Gutenberg  and  Richter 
[96]  calibration  curve  (A  =  A(&) )  is  little  different  from  the  attenua¬ 
tion  curve  for  the  maximum  VEGIK  amplitudes  that  we  obtained.  We  may 
therefore  maintain  that  deviations  from  Eq.  (22),  associated  with  this 
small  difference  between  calibration  curves,  will  be  insignificant. 

Equation  (22)  was  constructed  on  the  basis  of  earthquakes  with 

4  1^ 

energies  ranging  from  10  to  10  J  Joules  and,  consequently.  Is  valid 
for  that  range  of  energies.  Figure  50  shows  curve  a  as  corresponding 
to  this  equation.  The  Joint  earthquake  data  for  which  we  know  both  the 
energy  E  determined  by  the  methods  employed  on  the  expedition  as  well 
as  the  magnitude  M  determined  on  the  basis  of  surface  waves  by  means 
of  the  method  proposed  by  S.L.  Solov'yev  do  not  contradict  the  function 
log  E  Joules  =  4  +  1.8  H.  The  graph  in  Fig.  50  also  shows  curves  _c  and 
d  calculated  according  to  S.L.  Solov'yev's  [12]  formulas  for  weak  (c) 
and  strong  (d)  earthquakes,  as  well  as  curve  e  calculated  according  to 
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the  Bune  [61]  formula.  The  latter  Is  almost  coincident  with  the  curve 
(f)  derived  by  Gutenberg  and  Richter  for  powerful  earthquakes  [65].  As 
can  be  seen  from  an  examination  of  the  graph  in  Fig.  50,  curve  a  which 
corresponds  to  the  relationship  between  M  and  E,  said  relationship  ob¬ 
tained  by  us,  lies  above  the  curves  c-e.  This  is  a  completely  valid 
reflection  of  the  fact  that  in  determining  energy  according  to  Golitsyn's 
method,  the  method  employed  by  the  authors  who  derived  the  formulas 
for  c-e,  underestimated  energy  values  are  obtained  (on  the  average, 
lower  by  an  order  of  magnitude). 

Let  us  now  examine  the  relationship  between  the  total  seismic  en¬ 
ergy  Eq  and  M.  Instead  of  the  quantity  E  we  will  substitute  into  Ex¬ 
pression  (19)  which  relates  Eq  and  E,  the  value  of  E  from  Formula  (21). 

We  will  obtain 

log  Eq  joules  =  8  +  1.1  M  (23) 

or 

log  E0  ergs  =15+1.1  M. 

The  last  formula  can  be  used  for  the  transition  from  M  to  the 
energy  of  the  threedimensicnal  waves  for  more  powerful  and  destructive 
earthquakes,  classified  on  the  basis  of  total  seismic  energy  Eq.  The 
values  of  energy  EQ  as  obtained  by  means  of  this  formula  for  powerful 
earthquakes  (H^  5-5)  are  close  to  the  energy  obtained  by  the  formulas 
derived  by  Gutenberg  and  Richter  [96]  (curve  jg)  and  the  formula  derived 
by  De  Noyer  [109]  (curve  h).  For  earthquakes  with  maximum  magnitude  M  = 

=  8.6,  Formula  (23)  yields  an  energy  of  EQ  =  lO1^*^  Joules.  This  coin¬ 
cides  with  the  earthquake -energy  estimates  made  by  Bullen  [110]  and 
Tsuboi  [111]. 

§6.  THE  SHAPE  OF  ISOENERGY  LINES 

In  studying  the  attenuation  of  energy  in  seismic  waves  at  small 
distances  from  the  focus  it  turned  out  that  there  is  a  substantial  dlf- 
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ference  in  attenuation  for  seismic  waves  propagated  along  and  across 
the  basic  geologic  structures.  This  phenomenon  was  noted  in  macroseis- 
mic  observations;  for  example,  the  observations  carried  out  by  G.  P. 
Gorshkov  [112],  et  al.  The  factor  responsible  for  this  divergence  in 
attenuation  is  the  varied  scattering  of  elastic  waves  in  the  stratified 
medium,  in  the  directions  along  and  across  the  layers,  a  phenomenon  of 
the  so-called  seismic  quasi-anisotropy  [113].  The  evaluation  of  the  ef¬ 
fect  that  this  difference  in  attenuation  has  on  the  3hape  of  the  iso¬ 
energy  lines,  and  consequently,  to  a  great  extent  on  the  shape  of  the 
isoseists,  is  of  great  practical  interest. 

The  sufficiently  complete  theoretical  solution  of  this  problem 
for  an  actual  extended  focus  whose  mathematical  model  is  the  double 
force  with  moment  at  distances  comparable  to  the  focal  dimension  is  an 
extremely  complex  independent  problem  even  in  the  case  of  a  homogeneous 
and  isotropic  medium.  Under  conditions  of  quasi-anisotropy,  however, 
resulting  from  the  stratification,  the  calculations  would  prove  to  be 
extremely  cumbersome  [114]. 

Here,  we  will  limit  ourselves  only  to  simplified  concepts  for  the 
very  coarsest  evaluation  of  the  effect  on  the  shape  of  the  isoenergy 
lines:  a)  exhibited  by  the  shape  of  the  source  and  b)  by  the  varying 
attenuation  of  seismic  waves  in  different  directions.  It  would  be  in¬ 
teresting  to  undertake  an  examination  of  the  effect  that  these  factors 
have  individually  as  well  as  Jointly. 

Effect  of  Attenuation  Difference 

Let  the  source  be  in  the  shape  of  a  sphere  of  small  radius  Tq, 
and  let  the  energy  density  per  unit  of  sphere  surface  be  constant  over 
the  entire  surface  of  this  sphere  during  the  time  in  which  the  vibra¬ 
tions  took  place.  The  focal  depth  will  be  assumed  to  be  equal  to  0,  5, 
10,  20,  and  40  km. 
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Pig.  51-  Calculated  isoenergy 
lines  for  a  spherical  focus  in 
the  case  of  damping,  dependent 
on  the  direction  of  seismic- 
wave  propagation. 

We  will  hold  that  the  attenuation  of  energy  density,  associated 

with  divergence,  absorption,  and  scattering,  in  the  propagation  of 

seismic  waves  along  the  basic  geological  structures  as  well  as  vertic- 

/  4 

ally,  takes  place  proportionally  to  1/r  ,  and  that  the  attenuation 
across  these  structures  is  proportional  to  l/r^.  The  values  of  the  ex¬ 
ponent  n  of  the  attenuation  function  y(r)  =  l/rn  are  4  and  6,  taken  in 
accordance  with  the  results  obtained  in  §3  on  the  basis  of  energy-den¬ 
sity  attenuation  observations  along  and  across  the  Peter  I  Range  for 
weak  earthquakes.  The  latter  circumstance  is  important  with  respect  to  i 

the  fact  that  the  quantity  n,  determined  on  the  basis  of  weak  earth-  | 
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quakes,  has  no  effect  on  the  shape  of  the  focus,  which  is  sufficiently 
small  in  this  case,  and  only  attenuation  exerts  any  influence. 

Further,  we  will  hold  that  in  the  intermediate  directions,  n 
changes  monotonically  from  4  to  6.  The  specific  nature  of  n  as  a  func¬ 
tion  of  direction  has  not  been  studied  experimentally.  For  purposes  of 
determinacy,  we  will  assume  that  this*  function  is  represented  graphic¬ 
ally  by  an  ellipse.  In  essence,  however,  for  such  coarse  calculations 
it  is  sufficient  for  us  to  estimate  only  the  total  extent  of  elonga¬ 
tion  for  the  isoenergy  lines  in  the  main  directions. 

Then,  if  the  origin  of  the  coordinate  system  is  made  to  coincide 
with  the  center  of  the  source,  and  if  the  ox  axis  is  made  to  coincide 
with  the  direction  of  least  attenuation,  and  the  o^  axis  is  made  to 
coincide  with  the  direction  of  greatest  attenuation,  obviously  the  en¬ 
ergy  density  E  at  an  arbitrary  point  M(x,y,z)  must  be  calculated  ac- 
cording  to  the  following  formula: 


£(r)=*  £  (/■„)  (j-J. 


where 


r  =  \r xz  ~r  y*  —  z!;  n  — 


ViiMiMif 


It  is  not  difficult  to  obtain  the  equations  for  the  isoenergy 
lines,  if  we  assume 

where  =  const.  Figure  51  shows  the  isoenergy  lines  that  have  been 
calculated  In  this  fashion  for  various  focal  depths  in  the  assumption 
that  Tq  =  3  km.  The  values  of  log  Ci  differ  by  unity,  and  this  corres¬ 
ponds  to  a  difference  in  energy  density  by  one  order  of  magnitude  for 
adjacent  lines. 

The  lsoenergy  lines  are  markedly  elongated  along  the  direction  of 
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least  attenuation  and  have  a  shape  that  Is  close  to  that  of  an  ellipse. 
The  elongation  of  the  lsollnes  can  be  characterized  by  the  ratio 
rmax^rmln  the  lsoline  semi-axes.  The  elongation  increases  with  dis¬ 
tance  from  the  focus.  For  the  isoline  closest  to  the  focus  (C^  =  10"1) 

? iiui.  r min  "" 

whereas  for  an  isoline  =  10”^  the  magnitude  of  this  ratio  attains  3* 
With  an  increase  in  focal  depth,  the  elongation  diminishes  some¬ 
what.  For  example,  for  a  focal  dep£h  of  h  =  40  km,  the  ratio  of  the 
semi-axes  for  =  10"^  isolines  drops  to  2,  but  in  the  general  case, 
the  shape  of  the  elongated  isolines  and  the  area  which  these  encompass 
are  a  weak  function  of  depth. 

Thus  the  observed  difference  in  attenuation  must  be  related  to 
the  pronounced  elongation  of  the  isoenergy  lines  in  the  direction  of 
least  attenuation.  As  a  result,  energy  density  at  equal  distances  from 
the  focus  but  in  different  directions  may  exhibit  pronounced  differ¬ 
ences:  by  one  or  two  orders  of  magnitude. 

Calculations  of  this  sort  are  applicable  only  at  distances  over 
which  the  straight-line  waves  carry  the  greatest  energy.  In  the  case 
of  greater  distances,  head  waves  from  the  Mohorovicic  discontinuity 
play  a  greater  role,  and  the  intensity  of  these  head  waves  is  less 
affected  by  the  structural  features  of  the  upper  layers  of  the 
earth's  crust. 

Influence  of  Shape  and  Dimensions  of  Source 

Frequently,  the  elongation  of  the  lsoseists  of  powerful  earth¬ 
quakes  can  be  explained  by  the  extension  of  the  focus,  i.e.,  the 
shape  of  the  focus  approaches  that  of  a  plane  (the  plane  of  discon¬ 
tinuity).  However,  assuming  certain  simplifying  hypothesis,  we  can 
demonstrate  that  if  the  damping  of  energy  is  identical  in  all  direc- 
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tions,  the  isoenergy  lines  quite  rapidly  approach  the  shape  of  a 
circle  with  increasing  distance  from  the  focus. 

If  we  are  to  determine  the  energy  density  from  the  extended 
source  of  seismic  vibrations,  meaning  thereby,  as  before,  the 
integral  of  the  energy-flux  density  over  the  entire  time  during 
which  these  vibrations  take  place,  we  can  do  without  the  informa¬ 
tion  on  the  difference  in  shift  time  at  various  points  of  the  focus 
and  without  the  difference  between  the  arrival  times  of  the  corre¬ 
sponding  waves  at  the  point  of  observation.  Moreover,  we  can  do  with¬ 
out  information  as  to  the  nature  of  shifts  in  the  elements  of  the 
focus  and  the  associated  emission  directivity,  bearing  in  mind  that 
in  practice  generally  no  pronounced  directivity  is  noted  for  the 
energy  of  the  entire  range  of  observed  waves. 

Proceeding  from  these  concepts,  we  will  assume  that  the  focus 
is  part  of  the  plane  over  which  the  elementary  point  sources  of 
seismic  energy  are  distributed  uniformly  with  a  density  Eq  *  const, 
with  the  point  sources  exhibiting  spherical  characteristics  of 
directivity.  We  will  calculate  the  energy  density  at  the  point  of 
observation  by  making  use  of  the  elementary  formulas  of  the  theory 
of  potentials  for  static  fields  for  the  distributed  sources  [115]. 

At  first,  let  us  position  the  coordinate  origin  at  any  point  on 
the  surface.  Let  us  denote  the  coordinates  of  the  points  in  the  focus 
by  T|,  £,  and  the  coordinates  of  the  points  in  the  remaining 
space  by  x,  y,  and  z.  Let  the  focus  be  a  rectangle  lying  in  the 
plane  x>  £  and  passing  through  to  the  surface,  so  that  <  i  < 
r\  =  Oj  0  <  C  <  C2’ 

The  energy  density  at  the  surface  of  the  source,  by  convention, 
is  constant  and  equal  to  Eq.  The  energy  dEQ,  emitted  by  an  element 
of  source  surface  ds  =  d£d£  is  equal  to 
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dE  =  Sg^. 


If  the  damping  of  the  energy  density  is  proportional  to  l/rn 
with  distance,  at  any  arbitrary  point  M(x,  y)  on  the  surface  of  the 
earthy  the  energy  density  of  the  waves  from  the  element  of  source 
surface  ds  will  be  equal  to 


where 


«(*.  y)  =  ^dM, 


(24) 


r=  K(*-5)s  +  y*-fC8. 


To  calculate  the  energy  density  from  the  entire  focus  at  point 
M(x,  y),  Expression  (24)  must  be  integrated  over  the  entire  surface 


of  the  focus 


Pig.  52.  Calculated  isoenergy 
lines  for  an  extended  focus . 
a)  In  the  case  of  damping  in¬ 
dependent  of  direction;  b)  and 
c)  in  the  case  of  damping  de¬ 
pendent  on  direction  and  in  * 
the  case  in  which  the  focus 
is  extended  in  the  direction 
of  the  least  (c)  and  the  great¬ 
est  (b)  damping. 


where  n  =  const.  Hence,  assuming 
E/Eq  «  =  const,  we  will  derive 

the  equation  for  isoenergy  lines. 

It  is  convenient  to  select  such  values 
of  Cj  that  log  C±  =  -  1,  —  2,  —  3, 
i.e.,  so  that  the  energy  density  on 
the  adjacent  isolines  exhibits  a 
varience  of  one  order  of  magnitude. 

Figure  52  shows  the  isoenergy 
lines  of  a  plane  (flat)  focus  with 
dimensions  of  20  x  20  km,  passing 
through  to  the  surface,  so  that 
$1  -  Z2  ~  20  km»  C2  -  20  km;  r\  =  Oj 
and  n  =  4  in  the  case  of  damping, 
regardless  of  the  propagation  direc¬ 
tion  of  the  seismic  waves.  We  can 
see  from  Pig.  52  that  the  elongation 

(extension)  of  the  isoenergy  lines 
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Is  associated  with  the  shape  of  the  focus,  ar.d  the  elongation  quickly 
diminishes  with  distance  from  the  source,  and  in  this  particular 
case  as  early  as  r  —  3  (£^  —  ^>2}  t  i-e-»  at  distances  exceeding  the 
dimensions  of  the  focus  by  a  factor  of  only  3>  the  isolines  are 
virtually  indistinguishable  from  circles. 


Isolir.es  of  an  Extended  Focus  in  the  Case  of  Damping  that  is  Depen-* 
uent  on  Direction 

Let  us  now  write  the  equations  for  the  isoenergy  lines  of  an 
extended  focus  for  the  case  of  various  focal  orientations  with  re¬ 
spect  to  the  directions  of  least  and  greatest  damping.  As  before, 
let  the  damping  in  directions  x  and  z_  be  proportional  to  l/r\  in 
direction  y  proportional  to  l/r^,  and  in  the  remaining  directions 
the  subscript  n  in  the  damping  function  l/r  assumes  values  varying 
between  4  and  6.  Let  us  examine  the  cases  in  which  the  focal  plane 
coincides  a)  with  the  plane  xz  and  b)  with  the  plane  yz.  We  will  take 
the  same  focal  dimensions  as  in  the  case  examined  above.  The  equa¬ 
tions  for  the  isolines  in  case  a)  will  be 


e,c. 


(25) 


i.O 


where 


and  in  case  b) 


where 


(26) 


r  =  V  x1  -  (y  —  T,)*  -f  C*;  n- 


The  isoenergy  lines  calculated  according  to  Formulas  (25)  and 
(26)  are  shown  in  Fig.  52.  A  comparison  and  examination  of  these 
lines  with  the  isolines  shown  in  Fig.  51  demonstrates  that  the  ef¬ 
fect  of  focal  elongation,  shape,  and  orientation,  and  the  shape  of 
the  isoenergy  lines  is  restricted  to  a  small  area  in  the  immediate 
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vicinity  of  the  focus.  However,  at  great  distances  r.  with  r  »  1 
(1  Is  the  dimension  of  the  source),  the  lsollnes  are  extended  along 
the  direction  of  least  damping  regardless  of  focal  orientation. 

Since  there  is ■ a  definite  relationship  between  the  density  of 
the  energy  and  the  scale  point  [106,  116],  the  Isoenergy  lines  ob¬ 
tained  above  can  be  compared  with  the  isoseists.  Generally,  the 
isoseists  of  powerful  earthquakes  are  extended  along  the  basic  geo¬ 
logical  structures,  and#  at  no  point  are  they  extended  across  the 
structures,  so  that  the  extension  by  no  means  diminishes  with  dis¬ 
tance  from  the  focus. 

The  isoseists  of  the  Krasnovodsk  earthquake  of  1895  [86]  are 
quite  characteristic  in  this  regard.  From  the  south,  where  the 
Kopet-Dag  and  Elbrus  ranges  are  located,  the  isoseists  seem  to  con¬ 
verge  on  the  focus,  whereas  from  the  north,  from  the  side  of  the 
plateau,  the  isoseists  approximate  in  shape  the  arc  of  a  circle  and 
encompass  tremendous  areas. 

This  effect  -  the  elongation  of  the  isoenergy  lines  along  the 
extent  of  the  basic  geological  structures,  associated  with  the  least 
attenuation  in  this  direction  —  must,  of  necessity,  be  taken  into 
consideration  in  a  detailed  seismic  study  of  the  region.  In  those 
cases  in  which  the  region  under  study  is  separated  from  the  seismic- 
active  zone  by  mountain  ranges,  more  pronounced  damping  in  this 
direction  will  result  in  a  lessening  of  seismic  danger.  If,  however, 
the  region  for  which  this  seismic  study  of  the  region  is  being 
carried  out  is  situated  in  the  same  zone  of  geological  structures 
as  the  seismic-active  zone,  it  becomes  necessary  to  take  into  con¬ 
sideration  the  increase  in  seismic  danger,  regardless  of  the  anti¬ 
cipated  orientation  of  the  discontinuity  planes  in  the  case  of  power¬ 
ful  earthquakes  In  the  given  seismic-active  region. 
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It  should  be  stressed  that  evaluations  of  this  type  can  be 
employed  in  the  practice  of  a  detailed  seismic  regional  study.  How¬ 
ever,  for  this  it  is  necessary  to  carry  out  additional  work  on 
refining  and  clarifying  details  of  the  relationships  between  energy- 
density  attenuation  and  the  elastic  properties  of  the  rocks  which 
make  up  the  geological  structures,  taking  into  consideration  in  this 
case  the  problems  of  quasi-anisotropy.  On  the  other  hand,  we  must 
take  into  consideration  the  relationship-  between  energy  density  and 
the  earthquake  intensity  scale.  For  this  reason,  there  is  some 
interest  in  a  quantitative  analysis  of  the  effect  that  the  magni¬ 
tudes  of  maximum  amplitudes,  dominant  frequencies,  duration  of  vibra¬ 
tions,  as  well  as  soil  velocities  and  accelerations  have  on  the  in¬ 
tensity  scale  —  let  us  say,  in  the  case  of  a  fixed  density  of  seis¬ 
mic  energy. 
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Chapter  5 

FREQUENCY  OF  SEISMIC  VIBRATIONS 

We  are  interested  in  a  study  of  the  frequency  of  vibrations  in 
the  case  of  earthquakes  of  various  intensities,  on  the  one  hand, 
to  establish  the  focal  properties  and  to  understand  the  processes 
taking  place  within  the  foci.  In  this  connection,  probably  the  most 
important  is  the  relationship  between  the  frequencies  and  the  seismic 
energy  of  the  focus  and  the  focal  dimensions.  With  an  increase  in 
energy,  there  Is  an  Increase  in  the  volume  of  the  region  in  which 
the  energy  liberation  is  accompanied  by  a  disruption  of  continuity, 
i.e.,  the  volume  of  the  focal  region  [7,  9,  82,  89,  110,  117-124]. 

In  turn,  an  increase  in  the  dimensions  of  the  source  must  result  in 
a  lowering  of  the  dominant  frequencies  of  the  seismic  waves  being 
emitted  and  this,  as  a  rule,  is  actually  what  is  observed. 

On  the  other  hand,  a  study  of  the  vibration  frequencies  in  the 
case  of  earthquakes  over  a  wide  range  of  energies  is  important  in 
seismic  regional  studies.  To  evaluate  the  disruptive  effect  of  an 
earthquake  of  given  energy  it  is  necessary  to  know  the  spectral 
composition  of  the  vibrations  of  a  powerful  earthquake  under  specific 
geological  and  soil  conditions  which  have  a  pronounced  effect  on 
the  composition. 

However,  a  study  of  the  connection  of  all  of  these  circumstances 
with  the  frequencies  of  the  seismic  vibrations  on  the  basis  only  of 
rare  powerful  earthquakes  would  postpone  the  solution  of  this  problem 
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indefinitely.  It  is  for  this  reason  that  we  are  here,  as  well  as 
in  many  other  projects  of  the  expedition,  approaching  the  problem 
from  the  position  that  we  can  undertake  a  study  of  the  basic  quanti¬ 
tative  relationships  by  examining  a  great  number  of  weak  earthquakes, 
then  to  establish  means  and  methods  of  extrapolating  these  quantita¬ 
tive  relations  for  the  area  of  more  powerful  earthquakes. 

The  observation  system  employed  for  the  case  in  which  the  sta¬ 
tion  network  is  positioned  directly  in  the  epicentral  zone  makes 
it  possible  to  examine  a  great  number  of  earthquakes  over  a  wide 
dynamic  range  and  yields  favorable  conditions  for  the  solution  of 
this  problem. 

As  is  well  known,  soil  vibrations  in  the  case  of  earthquakes 
at  some  distance  from  the  focus  consist  of  a  series  of  Jolts  or 
"arrivals"  of  individual  waves  (longitudinal,  transverse,  etc.). 

Each  of  these  waves  is  generally  presented  on  the  seismogram  as 
quasisinusoidal  oscillations  restricted  in  time.  Taking  into  con¬ 
sideration  the  nonsteady  nature  of  the  latter,  we  can  speak  of 
the  spectral  composition  of  the  entire  succession  of  vibrations 
for  the  given  earthquake  (at  the  given  point  of  observation,  and 
for  specific  components  of  the  mixing  vector,  etc.)  or  of  the  spec¬ 
tral  composition  of  the  vibrations  for  the  given  wave;  other  general¬ 
ized  concepts  of  the  frequency  composition  of  seismic  vibrations 
are  also  possible. 

The  spectral  composition  of  vibrations  at  the  point  of  obser¬ 
vation,  apparently,  is  a  function  of  the  spectral  composition  of  the 
vibrations  in  the  focus,  as  well  as  a  function  of  the  conditions 
under  which  seismic  waves  are  propagated  over  paths  to  the  point 
(region)  at  which  they  are  received  and  a  function  of  the  conditions 
prevailing  in  the  reception  region,  including  the  interaction  between 
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the  seismic  installation  and  the  soil.  Finally,  the  spectrum  of  the 
vibrations  seen  on  the  seismogram  depends  on  the  frequency  properties 
of  the  very  equipment,  and  what  is  most  Important,  depends  on  the 
width  of  the  frequency  passband. 

The  standard  wideband  equipment  (without  special  attachments 
for  frequency  analysis)  makes  it  possible  directly  to  determine  only 
the  dominant  vibration  frequencies  -  the  magnitudes  that  are  the 
Inverses  of  the  apparent  dominant  oscillation  "periods"  on  the  seismo¬ 
gram.  The  utilisation  of  this  primitive  method  of  studying  frequencies, 
despite  all  of  its  shortcomings  and  limitations,  exhibits  the  ad¬ 
vantages  of  great  simplicity,  and  this  makes  it  possible  to  use  the 
entire  mass  of  seismic  observations  carried  out  by  standard  wideband 
equipment.  The  results  obtained  in  the  utilization  of  this  method 
of  "dominant"  frequencies  by  the  expedition  are  described  in  Sections 
1-3  of  this  chapter. 

In  order  to  undertake  a  more  detailed  study  of  vibration  fre¬ 
quencies,  we  employed  the  frequency- selective  seismic  station 
(ChISS),  developed  by  K.K.  Zapol'skiy.  The  results  obtained  in  the 
utilization  of  this  method  of  "frequency-selective  seismology"  are 
described  in  Sections  4-6  of  this  chapter.  Equipment  of  this  type 
was  tested  here  and  was  employed  to  evaluate  (process)  the  still 
limited  volume  of  observations.  Under  these  conditions,  the  compari¬ 
son  of  some  data  obtained  by  both  methods  simultaneously  proved  to 
be  quite  useful. 

§1.  POTENTIALS  OF  USING  WIDEBAND  EQUIPMENT  TO  STUDY  THE  FREQUENCIES 
OF  SEISMIC  VIBRATIONS 

Earthquake  recordings  by  wideband  equipment  may  yield,  at  least 
in  principle,  a  sufficiently  complete  picture  of  the  vibration  spec¬ 
trum  of  some  groups  of  waves  or  sections  of  recordings. 
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To  obtain  a  frequency  spectrum  from  wideband  recordings,  we 
can  employ,  first  of  all,  one  of  the  well-known  methods  of  approxi¬ 
mate  harmonic  analysis  (for  example,  [125-126]).  In  Its  application 
to  seismology  this  method  is  described  in  references  [127-129].  Among 
the  other  calculation  methods,  we  would  note  the  method  of  "periodo- 
gram"  analysis  [85,  130],  used  In  works  [128-129].  The  general  short¬ 
coming  of  these  methods  Is  the  fact  that  they  require  a  great  deal 
of  work. 

« 

Apparatus  methods,  presently  concentrating  on  the  utilization 
of  electrical  analysis  devices,  show  the  greatest  promise  [84,  131- 
135] .  These  methods  call  for  a  primary  vibration  record  in  reproduc¬ 
ible  form.  The  system  of  wideband  vibration  recordings  on  magnetic 
tape  have  proved  quite  successful.  Systems  of  this  type  have  found 
widespread  application  in  seismic  surveying  and  the  regular  utiliza¬ 
tion  of  these  systems  is  quite  desirable  in  seismology  for  the  study 
of  earthquakes,  but  this  is  still  something  for  the  near  future. 

Apparatus  analysis  methods  may  be  used  for  the  processing  of 
seismograms  recorded  by  conventional  oscillography .  However,  such 
seismograms  must  be  re-recorded  in  an  electrically  reproducible 
form  such  as,  for  example,  by  blacking  out  the  film  on  one  side  of 
the  vibration  recording  track  in  order  to  obtain  the  pattern  of  a 
type  of  "transverse"  sound  recording  for  subsequent  reproduction  by 
means  of  a  photocell.  In  view  of  the  laboriousness  of  this  procedure, 
this  method  is  Justified  in  practice  only  to  process  selected  and 
particularly  important  recordings  such  as,  for  example,  the  seismo¬ 
grams  of  individual  powerful  earthquakes. 

In  connection  with  all  of  the  foregoing,  for  the  mass  utiliza¬ 
tion  of  conventional  wideband  seismograms  in  the  solution  of  problems 
involving  frequencies,  we  have  limited  outselves  to  the  determinaU 
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tlon  of  only  the  dominant  frequencies.  Naturally,  this  restricted 
the  problems  on  which  we  touched  to  only  those  which  can  be  solved 
without  a  detailed  knowledge  of  the  entire  vibration  spectrum. 

Correspondence  Between  Dominant  Frequency  and  Position  of  Spectrum 
Maximum 

The  examination  of  a  great  quantity  of  seismograms  indicates 
that  the  recording  of  local  earthquakes,  particularly  In  the  case 
of  small  hypocentral  distances,  has  the  form  of  a  group  of  quasi- 
periodic  damped  oscillations  the  maximum  of  the  spectral  function  of 
which  is  approximately  coincident  with  the  value  of  the  dominant 
frequency  apparent  from  the  recording  [84,  105,  133-136].  Character¬ 
izing  the  spectrum  by  the  value  of  one  or  two  dominant  frequencies, 
we  restrict  ourselves,  at  the  same  time,  to  the  one  or  two  greatest 
terms  in  the  spectral  decomposition. 

In  order  to  carry  out  a  quantitative  evaluation  of  the  degree 
of  coincidence  between  the  dominant  frequency  and  the  position  of 
the  maximum  of  the  spectral  curve  with  respect  to  specific  earth¬ 
quake  conditions  in  the  Garm  region,  the  following  project  was  under¬ 
taken.  On  the  basis  of  recordings  for  one  and  the  same  earthquake 
at  one  point  of  observation  (Chusal)  by  two  types  of  equipment  —  the 
wideband  (VEGIK)  and  the  frequency- selective  (ChISS)  units  —  the 
dominant  frequencies  (from  the  VEGIK  seismograms)  were  compared 
against  the  amplitude  distribution  for  the  frequencies  (on  the  ChISS 
recordings).  This  comparison  was  carried  out  for  400  local  earth¬ 
quakes  (r  <  50  km),  and  the  measurements  were  made  for  the  groups 
of  greatest  amplitudes  in  straight-line  longitudinal  P  and  trans¬ 
verse  S  waves. 

The  dominant  frequencies  in  the  VEGIK  recordings  were  measured 
with  respect  to  four  components  with  subsequent  averaging.  The  method 
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employed  to  measure  the  dominant  frequency  is  described  below  (5  2). 
The  dominant  frequency  and  Its  amplitude  was  measured  on  the  basis 
of  ChISS  recordings  on  each  of  four  channels.  A  graph  was  constructed 
for  each  earthquake  according  to  these  data,  and  the  frequency  f 
was  laid  off  along  the  axis  of  abscissas,  and  the  amplitude  A  was 
plotted  along  the  axis  of  ordinates.  A  logarithmic  scale  was  selected 
for  both  of  these  quantities,  since  such  a  scale  for  the  amplitudes 
makes  it  possible  to  compare  the  shape  of  the  spectrum  regardless 
of  the  amplitude  level,  and  for  frequencies  the  logarithmic  scale 
corresponds  to  the  constancy  of  the  relative  error  in  the  measure¬ 
ment  of  the  frequency  (for  a  more  detailed  discussion  of  the  con¬ 
struction  of  these  graphs,  see  page  ). 

This  amplitude  distribution  on  the  basis  of  frequency  inter¬ 
vals,  a  crude  simulation  of  the  shape  of  the  spectrum,  served  as 
the  basis  of  the  comparison.  The  maximum  of  such  a  conditional  spec¬ 
trum  was  compared  against  the  dominant  frequency  of  the  VEGIK  re¬ 
cordings.  For  a  quantitative  evaluation  of  this  coincidence,  graphs 
of  the  type  shown  in  Fig.  53  were  constructed.  Here,  the  dominant 
VEGIK  frequencies  were  plotted  along  the  axis  of  abscissas,  and  the 
frequencies  that  correspond  to  the  maximum  of  the  conditional  ChISS 
spectrum  were  plotted  along  the  axis  of  ordinates,  and  this  for 
each  individual  earthquake.  The  relative  probable  deviation  of  the 
individual  measurement  determined  according  to  the  distribution 
curve  for  the  number  of  deviations  with  respect  to  their  magnitude, 
amounts  to  15$.  Generally,  the  dominant  frequencies  are  somewhat 
lower  in  comparison  with  the  position  of  the  maximum.  The  magnitude 
of  such  a  systematic  deviation  lies  within  limits  of  random  errors 
and  is,  on  the  average,  equal  to  10#. 
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Pig.  53.  Comparison  of  dominant  VEGIK  frequencies 
with  maximum  of  conditional  ChISS  spectrum  for 
individual  earthquakes,  l)  2)  fvEGIK* 


Fig.  54.  Comparison  of  average  ChISS  spectrum  (solid  line) 
with  distribution  of  dominant  VEGIK  frequencies  (dashed 
line)  for  various  groups  of  earthquakes  in  the  interval  of 
hypocentral  distances  from  14  to  20  km.  a)  Energy  class 
K  =  3;  b)  K  =  4.  For  the  construction  of  the  average  spec¬ 
trum,  25  earthquakes  of  energy  class  3  and  30  earthquakes 
of  energy  class  4  were  employed. 


In  view  of  the  fact  that  the  method  employed  to  study  the  re¬ 
lationship  between  the  frequencies  and  the  energy  involved  the  pro¬ 
cessing  of  a  great  number  of  earthquakes,  it  became  of  interest  to 
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establish  the  degree  of  correspondence  between  the  values  of  the 
dominant  frequencies  and  the  maximum  of  the  conditional  spectrum, 
averaged  for  groups  of  similar  earthquakes.  Approximately  20  to  30 
earthquakes  of  one  intensity  classification  (K)  entered  into  each 
group;  the  hypocentral  distances  of  these  earthquakes  did  not  ex¬ 
ceed  «the  given  interval  Ar.  To  construct  the  average  spectrum  of 
each  group  on  the  basis  of  the  ChISS  seismograms,  we  calculated 
the  arithmetic  mean  of  the  logarithms  of  the  amplitudes  in  the  fre¬ 
quency  interval  equal  to  the  passband  of  each  of  the  four  channels. 
This  value  was  ascribed  to  the  arithmetic  mean  frequency  of  the 
interval.  As  a  result  of  the  fact  that  the  conditional  spectra  on 
individual  earthquakes  were  constructed  in  logarithmic  scale  it  was 
easy  to  carry  out  the.  graphical  averaging  of  the  shapes  of  indi¬ 
vidual  earthquake  spectra  alone,  so  that  the  difference  in  ampli¬ 
tudes  did  not  result  in  any  advantage  for  earthquakes  exhibiting 
great  amplitudes.  At  the  same  time,  a  curve  for  the  distribution  of 
dominant  frequencies  according  to  VEGIK  records  was  constructed 
simultaneously  on  the  graph  for  the  averaged  conditional  spectrum 
of  each  group  of  earthquakes.  The  frequency  was  plotted  along  the 

axis  of  abscissas  and  along  the  axis  of  ordinates  we  plotted  the 

\ 

number  of  earthquakes  whose  dominant  frequencies  fall  within  the 
frequency  interval  equal  to  the  width  of  the  ChISS  channel. 

Figure  54  presents  an  example  of  such  a  graph  for  two  groups 
of  earthquakes.  The  solid  line  on  these  graphs  shows  the  average 
ChISS  spectrum,  and  the  dashed  line  indicates  the  corresponding 
distribution  curve  for  the  number  of  earthquakes  on  the  basis  of 
the  dominant  VEGIK  frequencies  for  the  same  group  of  earthquakes. 
These  and  similar  graphs  serve  to  convince  us  that  the  maximum  of 
the  ChISS  spectrum  is,  In  all  cases,  in  sufficiently  good  agreement 
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with  the  distribution  maximum  according  to  the  VEGIK  (the  probable 
deviation  amounts  to  approximately  8$,  whereas  the  systematic 
(regular)  deviation  amounts  to  about  10#  toward  reducing  the  VEGIK 
frequencies  in  comparison  with  the  maximum  obtained  with  the  ChISS 
equipment). 

Thus  for  the  characteristics  of  the  position  of  the  maximum  on 
the  vibration  spectrum  in  the  case  of  earthquakes  under  the  given 
conditions,  as  a  rule,  we  can  use  the  dominant  frequencies  that  are 
apparent  from  the  earthquake  recordings  of  the  VEGIK  with  sufficient 
accuracy  for  practical  purposes. 

§  2.  INITIAL  MATERIAL  AND  METHODS  FOR  THE  DETERMINATION  OF  DOMINANT 

FREQUENCIES 

Selection  of  the  Initial  Material  and  the  Principles  Involved  in  the 
Evaluation  (Processing)  of  this  Material 

To  bring  out  the  function  f(E)  of  the  dominant  frequencies  f 
of  seismic  vibrations  and  seismic  energy  E  In  the  focus,  we  made 
use  of  the  recordings  of  local  earthquakes  by  the  Garm  network  of 
seismic  stations  in  the  expedition.  This  observation  material  has 
the  following  properties  that  are  favorable  for  the  solution  of 
the  problem  before  us;  identity  of  seismic-recording  equipment  at 
the  stations  of  the  network;  readability  of  recordings  of  earth¬ 
quakes  differing  in  intensity  by  as  much  as  11  orders  of  magnitude; 
the  extensiveness  of  the  material,  etc.  The  latter  circumstance  is 
of  significance  because  we  can  only  bring  out  the  quantitative  re¬ 
lationships  (of  Interest  to  us)  against  a  background  of  other  data, 
and  this  is  possible  only  through  the  statistical  evaluation  of  a 
great  quantity  of  recordings. 

Under  the  conditions  prevailing  In  the  Garm  Region  we  note  a 

pronounced  variation  In  the  nature  of  the  recordings  and  dominant 

« 

frequencies  of  the  earthquakes  whose  foci  lie  in  markedly  diverse 


geological  structures:  1)  In  the  sedimentary  deposits  of  the  mezo- 
cenozolc  strata  of  the  Peter  I  Range  and  the  Tadzhik  Depression, 
and  2)  in  the  ancient  paleozoic  metamorphosed  rocks  and  granites  of 
the  Gissar  Range  and  the  crystalline  base  of  the  Peter  I  Range.  It 
is  for  this  reason  that  the  study  of  the  frequency  relationships  of 
interest  to  us  was  carried  out  separately  for  these  two  groups  of 
foci. 

We  took  the  recordings  of  local  earthquakes  whose  hypocentral 
distances  amounted  to,  on  the  average,  20  to  40  km  with  extreme 
limits  of  15  and  50  km  as  the  initial  material.  We  would  point  out 
that  these  differences  correspond  approximately  to  the  dimensions 
of  the  zone  in  which  the  destructive  effect  of  powerful  earthquakes 
makes  itself  felt.  The  function  f(E),  derived  below,  belongs  to 
this  range. 

The  dominant  frequencies  f  of  the  vibrations  at  the  point  of 
observation  are  functions  of,  in  addition  to  energy  E,  many  factors 
whose  importance  is  difficult  to  account  for  in  the  shaping  of  the 
spectrum.  It  is  for  this  reason  that  in  the  initial  stage  it  seemed 
convenient  to  investigate  the  aggregate  of  earthquakes  of  various 
intensities,  said  earthquakes  representing  the  successive  Jolts  of 
one  and  the  same  powerful  earthquake,  observed  from  one  and  the  same 
station.  The  foci  of  such  earthquakes  frequently  coincide  with  one 
another  in  space  with  an  accuracy  of  up  to  2-3  km,  and  the  times  of 
initiation  are  quite  close.  Under  these  conditions,  extraneous 
circumstances  that  are  difficult  to  control  are  kept  in  approxi¬ 
mate  identity. 

The  series  of  observations  that  correspond  to  various  focal 
positions  and  points  of  observation  will,  naturally,  show  the  varia¬ 
tions  that  are  functions  of  the  structural  features  of  the  media  at 


the  foci,  at  the  points  at  which  the  stations  are  located,  and 
along  the  paths  of  wave  propagation.  It  Is  not  so  much  on  the  shape 
of  the  f(E)  curves  as  on  their  "levels,"  which  are  determined  by 
absolute  frequency  values,  that  we  can  anticipate  some  special  in- 
fluence  of  these  factors.  The  f(E)  curves  averaged  over  several 
series  of  observations  in  the  given  region  do  not  exclude  the  in¬ 
fluence  of  these  factors,  but  only  make  it  possible  to  obtain  the 
relationship  that  is  characteristic  for  certain  "average"  conditions 
for  the  given  region. 

If  we  compare  the  f(E)  curves  among  each  other  for  the  various 
stages  of  the  averaging  process,  we  can  estimate,  in  advance,  the 
importance  of  certain  particular  factors  in  the  shaping  of  the 
spectrum. 

Frequency  and  Dynamic  Ranges 

The  investigated  seismograms  were  obtained  by  means  of  equip¬ 
ment  having  three  levels  of  magnification:  a)  the  three- component 
VEGIK  installation  with  a  magnification  of  20,000  in  the  frequency 
range  of  2  to  50  cps;  b)  the  shunted  VEGIK  channel  with  a  magnifica¬ 
tion  of  1000  in  the  same  frequency  range;  and  c)  the  Kharln  vibro- 
graph  with  a  magnification  of  50  to  80  in  the  frequency  range  from 

1  to  5  cps.  The  difference  in  the  frequency  characteristics  of  this 
equipment  does  not  disturb  the  correct  reproduction  of  the  shifts 
over  the  entire  frequency  range  of  interest  to  us,  since  in  the  case 
of  feebler  earthquakes  the  recorded  frequencies  generally  exceed 

2  cps  and  fall  into  the  plateau  part  of  the  VEGIK  characteristic; 
however,  for  the  evaluation  of  spectra  of.  more  powerful  earthquakes 
whose  frequencies,  in  the  majority  of  cases,  are  below  4  to  5  cps, 
we  most  frequently  employ  the  recordings  produced  by  the  Kharln 
vlbrograph,  which  properly  reproduces  the  shifts  in  this  frequency 
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range. 

Frequencies  below  one  cycle  per  second  cannot,  for  all  intents 
and  purposes,  be  determined  by  our  equipment.  Therefore  there  arises 
the  natural  question  as  to  the  feasibility  of  eliminating  the  lowest- 
frequency  part  of  the  spectrum,  at  least  in  the  initial  stages. 
Instruments  that  are  capable  of  recording  low  frequencies  ranging 
from  2  to  0.1  cps  —  Kirnos  seismographs  -  have  been  installed  only 
at  two  stations  of  the  expedition,  in  Garm  and  in  Dzhirgatal.  A  study 
of  local-earthquake  recordings  produced  by  these  instruments  showed 
that  vibrations  with  periods  ranging  from  2  to  6  sec  are  encountered 
on  the  recordings  rather  frequently.  However,  these  vibrations  are 
completely  irregular  and,  at  times,  their  apparent  arrivals  vary 
for  various  components,  changing  from  earthquake  to  earthquake,  even 
for  earthquakes  from  one  and  the  same  focus.  The  magnitude  of  the 
period  changes  within  wide  limits  for  earthquakes  of  identical  in¬ 
tensity  and  is  a  weak  function  of  this  factor.  Great  vibration  periods 
are  generally  found  In  the  case  of  shallow  foci  (h  *  5-10  km)  and 
are  more  frequently  encountered  in  earthquakes  having  foci  situated 
in  the  Peter  I  Range.  The  long  wavelength  (several  tens  of  kilo¬ 
meters)  that  corresponds  to  such  long-period  vibrations,  even  in  the 
case  of  relatively  weak  earthquakes  (K  =  7-10),  and  the  absence  of 
a  clearly  defined  relationship  between  periods  and  earthquake  in¬ 
tensity,  allows  us  to  assume  that  the  formation  of  such  waves  is 
associated  not  so  much  with  the  features  of  the  foci  themselves  as 
with  the  features  of  the  structure  of  the  medium  in  which  the  vibra¬ 
tions  are  propagated.  It  is  possible  that  these  vibrations  of  low 
frequency  are  waves  resulting  from  Interference  and  are  caused  by 
the  stratification  of  the  medium;  we  observe  these  waves  at  various 
stages  of  their  shaping  [ 137-138] .  The  sedimentary  layers  of  the 
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Peter  I  Range,  for  example,  may  be  '.he  layers  that  cause  the  appear¬ 
ance  of  these  Interference  waves. 

In  addition,  these  low  frequencies  may  possibly  be  of  less  In¬ 
terest  from  the  engineering  standpoint,  since  in  view  of  the  great 
vibration  periods  the  seismic  disturbances  produced  by  these  waves 
are  insignificant  in  the  majority  of  cases. 

In  any  event,  at  the  present  stage  of  the  study  of  the 
relationship  between  the  dominant  frequencies  and  energy  we  have 
limited  ourselves  to  frequencies  above  0.8-1  cps.  The  study  of  lower 
vibration  frequencies,  requiring  special  observation  means,  must 
remain  a  matter  for  the  future. 

Measurement  Method 

To  reduce  the  volume  of  measurements,  we  rejected  the  idea  of 
studying  frequencies  over  the  entire  seismogram  and  measured  only 
the  most  characteristic  sections:  in  the  region  of  the  first  ar¬ 
rival  and  the  group  of  maximum  amplitudes.  The  first  arrivals,  to 
a  greater  extent  than  the  vibrations  of  other  sections  of  the  re¬ 
cording,  are  determined  by  processes  taking  place  within  the  focus, 
whereas  the  group  of  maximum  amplitudes  is  of  great  interest  from 
the  standpoint  of  the  seismic  effect  of  the  earthquake. 

The  following  quant ites  were  measured  directly  on  each  of  the 
seismograms:  f  _,  the  dominant  frequency  of  one,  or  less  frequently, 
of  two  vibrations  with  great  amplitude;  f^,  the  frequency  of  the 
first  arrival;  and  7,  the  mean  frequency  for  the  group  of  vibra¬ 
tions  which  carry  the  basic  energy  (the  duration  of  this  group  is 
generally  1  to  2  sec}.  The  measurement  of  these  frequencies  was 
carried  out  individually  for  longitudinal  and  transverse  waves  on 
each  of  the  components,  with  subsequent  averaging  of  the  frequency 
values  obtained  for  the  various  components. 
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The  utilization  of  the  concepts  ’’period"  and  "frequency"  for 
vibrations  of  improper  shape  is  somewhat  conditional.  In  the  measure¬ 
ment  of  the  frequencies  fmax>  f^,  and  T  we  adhere  to  the  following 
system.  The  frequency  7  was  defined  as  the  number  of  maxima  per 
unit  time  on  the  selected  section  of  the  seismogram  having  a  dura¬ 
tion  t.  In  this  case,  the  quantity  t  and  the  estimate  of  T  remain 
the  same  as  in  the  calculation  of  earthquake  energy  (see  Chapter  4, 

§  2). 

The  frequency  f^  of  the  first  arrival  was  conditionally  defined 
as  the  reciprocal  of  twice  the  time  from  the  instant  of  first  ar¬ 
rival  to  the  instant  of  passage  through  the  equilibrium  position. 

In  the  case  of  pronounced  first  arrivals  with  sufficient  amplitude 
such  measurements  are  single  valued.  If,  however,  the  first  arrival 
was  very  smooth,  and  the  instant  of  arrival  quite  indeterminate,  ^ 
was  defined  as  the  reciprocal  of  the  time  between  the  first  and 
third  extremums. 

The  frequency  fmax  was  determined,  as  a  rule,  on  the  basis  of 
a  group  of  two- three  of  the  greatest  vibrations  in  P  and  S  waves. 

If  a  single  vibration  having  an  amplitude  exceeding  the  rest  by  no 
less  than  half  was  clearly  brought  out,  the  frequency  of  only  this 
vibration,  the  reciprocal  of  the  period,  was  measured. 

Sometimes  we  encounter  recordings  in  which  a  higher  frequency 
is  superposed  on  the  basic  low  frequency.  Generally,  this  frequency 
is  less  not  only  with  respect  to  the  amplitude  A  of  the  shift  but 
also  with  respect  to  the  amplitude  Au>  of  velocity.  In  such  cases, 
this  frequency  was  neglected.  If,  however,  this  superposed  frequency 
had  the  same  velocity  amplitude  as  the  basic  frequency,  it  was  re¬ 
garded  on  a  par  with  the  basic  frequency. 
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Accuracy  of  Frequency  Measurements 

The  error  In  the  measurement  of  the  dominant  frequency  is  com¬ 
posed  of  several  errors:  l)  the  subjective  error  of  the  observer 
in  approximating  the  section  of  the  recording  of  a  given  sinusoid; 

2)  the  measurement  error  caused  by  the  quality  of  the  photographic 
recording  and  the  measuring  instruments;  and  3)  the  errors  intro¬ 
duced  by  the  nonuniformities  of  the  recorder  drive. 

The  first  error  is  the  most  serious.  As  was  shown  in  the  esti¬ 
mates  carried  out,  this  error  is  equal  to  15$  in  the  case  of  measure¬ 
ments  of  T  (see  Chapter  4,  §  2),  and  is  equal  to  10$  in  the  case  of 
measuring  f  . 

In  essence,  the  second  and  third  errors  are  results  of  abso¬ 
lute  errors  in  the  measurement  of  the  time  Interval.  In  the  measure¬ 
ment  of  frequencies  on  the  basis  of  a  small  number  of  vibrations, 
the  relative  errors  of  this  type  Increase  with  an  increase  in  fre¬ 
quency  and  total  some  5$  for  frequencies  of  up  to  5  cps;  the  errors 
total  some  8$  for  frequencies  ranging  from  5  to  10  cps,  and  amount 
to  10-12$  for  frequencies  ranging  from  10  to  12  cps.  These  results 
have  been  obtained  in  calculating  the  mean  error  in  the  measurement 
of  the  frequencies  of  various  recording  sections  of  a  vibration  Jolt, 
said  recordings  produced  by  an  MGPA  oscillator  exhibiting  a  great 
moment  of  inertia.  It  was  assumed  that  on  these  recordings  the  fre¬ 
quency  changed  linearly  with  respect  to  time  within  the  limits  of 
the  selected  sections  in  15  to  20  vibrations. 

Subsequently,  depending  on  the  evaluation  of  frequency-measure¬ 
ment  accuracy  that  was  carried  out,  the  following  values  (in  cps) 
were  rounded  off  to  the  nearest  whole  number:  0.8,  1.0,  1.2,  1.5, 

2.0,  2.5,  3,  4,  5,  6,  8,  10,  14,  and  20. 
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5  3.  DOMINANT  FREQUENCIES  AS  A  FUNCTION  OF  EARTHQUAKE  ENERGY 

The  details  discussed  in  this  section  and  the  examples  of  the 
results  obtained  in  the  determination  of  the  function  f(E)  between 
the  dominant  frequencies  f  of  the  vibrations  and  the  seismic  energy 
E  of  the  earthquake  pertain,  primarily,  to  foci  lying  in  the  sedi¬ 
mentary  layers  of  the  Peter  I  Range. 

The  Function  f(E)  According  to  a  Series  of  Weak  and  Strong  Repeated 

Torts’ -  -  - 

In  accordance  with  the  procedure  described  above,  we  evaluated 
the  repeated  jolts  of  seven  powerful  earthquakes.  The  most  repre¬ 
sentative  was  the  swarm  of  repeated  Jolts  produced  by  the  earthquake 
of  the  12th  intensity  classification  that  occurred  on  13  November 
1955  north-east  of  Stantsia  Ishtion.  In  this  swarm,  there  is  a 
complete  range  of  Jolts  with  Intensities  from  4  to  11  inclusive, 
i.e.,  the  dynamic  range  was  composed  of  eight  orders. of  energy.  In 
the  remaining  cases,  the  dynamic  range  was  composed  of  5  to  7  orders 
of  energy.  The  distribution  of  the  number  of  Jolts  with  respect  to 
the  energy  in  each  swarm  is  shown  in  Table  7. 

TABLE  7 

Distribution  of  Number  of  Repeated  Jolts  with  Respect  to 
fiiergy 
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1)  Date;  2)  time;  3)  hours,  minutes;  4)  earthquake  energy 
classification. 
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The  summary  curves  of  the  rela¬ 
tionship  between  the  dominant  fre¬ 
quencies  and  energy  (averaged  over 
all  points  of  observation  and  seven 
series  of  repeated  jolts)  is  presented 
in  Fig.  55  in  a  logarithmic-linear 
system  of  coordinates  log  E  and  f . 
Here,  the  earthquake  energy  classi¬ 
fications  (K  =  log  E  Joules)  have 
been  plotted  along  the  axis  of  ab¬ 
scissas,  and  the  frequency  f  cps  is 
plotted  along  the  axis  of  ordinates. 
Appropriate  markings  (circles  for  the  longitudinal  P  waves  and 
triangles  for  the  transverse  S  waves)  have  been  used  to  plot  the 
frequency  values,  averaged  for  all  of  the  processed  earthquakes  of 
a  given  energy  classification.  In  the  range  of  K  =  3-13,  i.e.,  all 
eleven  observed  classifications,  the  points  line  up  well  on  straight 
lines 


Fig.  55.  Summary  curves  of 
dominant  frequencies  f  as 
functions  of  energy  ETjoules 
according  to  observations  of 
a  series  of  repeated  Jolts  for 
longitudinal  P  and  transverse 
S  waves. 


/«/;-*'  he. 


(27) 


where  for  the  longitudinal  waves  f^  =  14.3  and  b’  =  0.94,  and  for 
the  transverse  waves  f^  =  10.6  and  b*  ■  0.76. 

We  see  that  within  this  energy  range  there  is  observed  a  stable 
reduction  in  dominant  frequencies  with  an  increase  in  energy.  The 
frequencies  of  the  P  waves  on  the  average  are  greater  by  30  to  40Jf 
and  diminish  more  rapidly  with  energy  than  the  frequencies  of  the 
S  waves .  We  can  Judge  the  extent  to  which  the  observed  points  line 
up  well  on  straight  lines  by  the  magnitudes  of  standard  deviations: 
for  the  P  waves  these  deviations  amount  to  0.25  cps,  while  for  S 
waves  they  amount  to  0.3  cps. 


TABLE  8 

Values  of  Parameters  fQ  and  b 


1  i  _) 

A  A’urprun  Jf  !  Tun  ka.nu  /,  * 


1)  Energy  Interval,  K;  2)  wave 
type. 

On  the  basis  of  the  curves  shown 


Fig.  56.  Summary  curves  of  the  in  F1S-  55,  we  can  expect  dominant 

function  in  Fig.  55  in  a  double  _  ,  .  ,  .  ,  _ 

logarithmic  scale.  frequencies  of  1  cps  and  lower  for 


the  stronger  earthquakes.  However, 

the  empirical  relationship  f(E)  obtained  in  the  form  of  (27)  cannot, 
in  practice,  be  extrapolated  toward  very  much  greater  energies  than 
those  observed.  In  actual  fact,  from  (27)  for  K  =  14  we  would  ob¬ 
tain  f  =  0,  whereas  for  K  >  14  we  would  obtain  f  <  0,  which  lacks 
any  physical  significance.  It  is  natural  to  anticipate  that  in  the 
case  of  more  powerful  earthquakes,  the  linear  function  (27)  is 
disrupted. 

To  avoid  similar  misunderstandings,  we  can  attempt  to  approxi¬ 
mate  the  observed  sequence  of  points  f(E)  by  a  straight  line,  as 
before;  however,  under  conditions  of  a  graphical  presentation  of 
these  points  in  a  double  logarithmic  system  of  coordinates  K  «  log 
E,  log  f  (Fig.  56).  If  this  were  done,  it  would  turn  out  that  the 
observed  points  are  well  approximated  by  straight  lines  in  accord¬ 
ance  with  the  following  equation: 

ig/.lg/.-Mgg,  (26) 

The  various  values  of  the  parameters  fQ  and  b,  in  Formula  (26), 
in  the  region  of  weak  and  relatively  more  powerful  earthquakes. 


indicate  that  at  low  K  the  increase  In  frequency  is  explicitly  less 
pronounced  with  a  drop  in  enercy.  This  can  be  explained  if  we  take 
into  consideration  the  effect  of  selective  absorption  of  high  fre¬ 
quencies. 

The  f(E)  Function  for  Weak  Earthquakes 

It  has  been  noted  previously  that  for  weak,  higher-frequency 
earthquakes,  the  dominant  frequencies  observed  depend  to  a  consider¬ 
able  degree  upon  the  hypocentral  distances,  and  these  frequencies  are 


higher  near  the  focus  than  those  observed  for  distances  of  the  order 
of  20-40  Ion.  Owing  to  the  selective  absorption  of  high  frequencies 
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with  increasing  distance  from  the  focus,  the  spectrum  maximum  is 
shifted  toward  the  lower  frequencies.  The  low  dominant  frequencies  at 
1-4  cps,  which  are  characteristic  of  the  more  severe  earthquakes  (K  = 

=  9-13) ,  are  less  liable  to  absorption,  and  thus  in  the  high-energy 
region,  the  function  f(E)  is  subject  to  very  little  distortion  over 
the  first  tens  of  kilometers. 

The  magnitude  of  the  variation  in  the  dominant  frequency  of  vib¬ 
rations  (the  shift  in  the  spectrum  maximum)  depends  on  the  degree  of 
absorption,  characterized  by  the  value  of  the  absorption  decrement  e, 
and  upon  the  shape  of  the  spectrum.  If  near  the  focus  the  shifted  spec 
trum  drops  off  sharply  toward  the  low  frequencies,  the  dominant- 
frequency  shift  with  distance  due  to  absorption  will  be  slight,  while 
where  the  drop  is  gradual,  it  will  be  quite  noticeable.  A  rough  calcu¬ 
lation  of  the  change  in  spectrum  shape  with  distance  1b  given  in  Chap¬ 
ter  4,  §3.  To  perform  these  calculations,  we  must  know  the  shape  of 
the  spectrum  at  the  observation  point,  and  the  magnitude  of  the  absorp 
tion  decrement.  Average  spectra  obtained  from  recordings  of  ChISS,  for 
groups  of  earthquakes  belonging  to  the  same  energy  class  K,  but  dif¬ 
ferent  ranges  of  seismic-center  distances  r,  are  used  to  judge  the 
spectrum  shape. 

Figure  57  shows  these  spectra  for  each  of  the  following  energy 
classes:  K  =  2j  K  =  3i  K  =  4;  and  K  «  5.  The  numbers  given  for  each 
spectrum  indicate  the  range  of  hypocentral  distances  r,  which  here 
vary  from  4  to  70  km.  In  accordance  with  Chapter  4,  §3,  we  take  t  - 
-  0.01  for  the  value  of  the  absorption  decrement.  A  rough  estimate, 
made  directly  from  the  material  of  the  charts  (Fig.  57),  yields  a  mag¬ 
nitude  of  the  same  order  (e  «  0.011  +  0.003). 

An  evaluation  of  the  change  in  shape  for  the  average  spectra  in¬ 
dicates  that  the  hypocentral  distances  of  20-30  km  are  quite  adequate 


to  produce  the  weak-earthquake  dominant  frequencies  having  the  values 
obtained  from  Formula  (28). 

Such  estimates,  naturally,  are  quite  arbitrary.  For  a  more  trust¬ 
worthy  estimate  of  the  frequencies  that  might  be  expected  near  the 
focus,  it  would  be  necessary  to  observe  the  variation  with  distance  r 
in  the  shape  of  spectra  for  individual  earthquakes.  To  solve  this 
problem,  it  is  necessary  to  have  frequency-selective  apparatus  at  sev¬ 
eral  observation  points;  this  was  not  done  by  the  expedition.  Thus,  we 
shall  assume  that  absorption  is  a  possible,  although  perhaps  inade¬ 
quate,  explanation  for  the  flatter  linear  relationship  between  log  f 
and  log  E  in  the  weak-earthquake  region. 

Accepting  the  explanation  given,  we  will  thus  assume  that  for 
weak  earthquakes  (K  =  7-3,  or  below),  observed  for  hypocentral  dis¬ 
tances  r  of  from  20  to  50  km,  the  vibration  frequencies  continue  to 
rise  with  decreasing  energy  in  accordance  with  a  linear  law.  In  other 
words,  extrapolating  Function  (28),  which  was  constructed  from  fre¬ 
quencies  observed  at  distances  r  =  20-50  km  for  more  intense  earth¬ 
quakes,  we  obtain  hypothetical  values  for  the  vibration  frequencies  at 
the  f ocus  for  weak  (K  <  7)  earthquakes. 

So  far,  we  have  discussed  the  function  f(E),  averaged  over  various 
focus  positions  and  observation  points.  The  effect  of  these  and  certain 
other  factors  may  be  evaluated  by  examining  similar  graphs  for  various 
stages  of  averaging. 

The  Scatter  of  Dominant  Vibration  Frequencies  for  Earthquakes 

We  examine  such  scattering  for  conditions  under  which  the  loca¬ 
tions  of  the  focus  and  observation  points  are  fixed.  Figure  58  gives 
graphs  of  the  mean  vibration  frequencies  for  successive  shocks  of  the 
Ishtion  earthquake  of  13  November  1955  for  the  P  and  S  waves  from  ob¬ 
servations  at  three  stations:  a)  Ishtion  (r  «  25  km),  b)  Yaldymych 
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Fig.  58.  Dominant  frequencies  as  a  function  of  energy  for  repeated  shocks 
of  Iahtlon  earthquake  of  13  November  1955  >  obtained  from  observations  at 
single  station,  a)  Ishtion;  b)  Yaldymych;  c)  Oarm. 


(r  =  50  len),  and  c)  Garm  (r  -  60  km).  On  each  of  the  graphs,  the 
straight  line  shows  the  appropriate  function  f(E)  in  the  form  (28)  for 
the  strong-earthquake  region  (K  -  7-13)*  It  is  clear  from  the  graphs 
that,  as  a  rule,  the  dominant  frequencies  f^  of  the  first  arrivals 
(crosses)  are  somewhat  higher  than  the  frequencies  T  —  the  mean  fre¬ 
quencies  for  the  vibration  groups  carrying  the  maximum  energy  (open 
circles),  while  the  frequencies  fmax  for  the  vibrations  with  the  great¬ 
est  amplitudes  (solid  circles)  are  somewhat  lower  than  those  for  T. 

The  general  shape  of  the  function  f(E)  is  nearly  the  same,  however, 
for  all  three  categories  of  frequencies. 


quency  f  from  mean  value  for  equal  energy, 
with  the  same  focus  and  observation  point. 

N  —  Number  of  observations. 

On  the  graphs  considered,  it  was  the  mean  values  of  the  vibration 
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frequencies  for  many  earthquakes  that  were  considered.  We  will  now 
look  for  the  spread  around  the  center  values  of  the  dominant  frequen¬ 
cies  for  individual  earthquakes.  Figure  59  shows  the  total  distribu¬ 
tion  of  relative  deviations  from  the  center  frequency  for  constant  en¬ 
ergy,  with  the  locations  of  focus  and  observation  point  fixed.  This 
graph  was  obtained  by  summing  the  partial  distributions  for  all  cases 
for  which  the  number  of  averaged  earthquakes  of  the  same  energy,  writ¬ 
ten  at  the  same  station  for  precisely  the  same  focus  was  greater  than 
ten.  The  spread  of  frequencies,  as  we  see,  is  not  very  large.  No  less 
than  half  of  the  separate  measurements  differ  from  the  arithmetic  av¬ 
erage  of  the  given  series  by  no  more  than  10^.  The  distributions  Af/f 
constructed  separately  for  transverse  and  longitudinal  waves  are  very 
nearly  coincident.  The  distributions  Af/f  for  various  foci  are  also 
Identical.  The  mean  relative  deviation  of  Af/f  also  does  not  exceed 
10$6  for  these  cases. 

The  considerable  individual  deviations  far  exceed  the  limits  of 
experimental  error.  This  may  be  caused  by  changing  conditions  at  the 
focus,  such  as  a  difference  in  the  velocities  of  disturbances,  etc. 

The  fact  that  the  sign  of  the  first  arrival  of  P  waves  for  successive 
shocks  does  not  remain  the  same  can  serve  as  indirect  evidence  for  the 
fact  that  the  dynamic  parameters  of  the  successive  shocks  are  not  iden¬ 
tical.  In  addition,  considerable  variations  in  the  amplitude  ratios 
for  arrivals  of  longitudinal  and  transverse  waves  are  observed. 

An  analysis  of  the  distribution  curve  mates  it  possible  to  draw 
certain  conclusions  with  respect  to  the  velocity  of  a  disturbance  at 
the  focus.  If  the  disturbance  velocity  is  close  to  the  S-wave  propaga¬ 
tion  velocity  V  there  should  be  a  Doppler  effect  [139-140].  This 
would  lead  to  a  considerably  greater  spread  in  frequencies  with  respect 
to  the  center  frequency,  and  to  the  appearance  of  high  frequencies  for 


earthquakes  of  any  energies.  In  this  case,  the  distribution  curve 
should  be  asymmetric.  The  small  amount  of  frequency  spread  testifies 
to  the  fact  that  the  velocity  of  a  disturbance  is  evidently  consider¬ 
ably  less  than 

The  Effect  of  Conditions  at  Station  Sites 

Comparing  the  graphs  of  f(E)  for  the  aftershocks  of  the  same 
earthquake,  for  example,  the  Ishtlon  earthquake  of  13  November  1955 
(Fig.  58),  plotted  from  the  data  of  various  stations,  we  are  able  to 
judge  to  what  degree  this  function  is  stable  for  various  observation 
points.  Table  9  gives  numerical  values  for  the  parameters  f q  and  b  of 
formula  (28)  for  various  stations  according  to  the  series  of  repeated 
shocks  from  this  earthquake. 

TABLE  9 

Values  of  Parameters  fQ  and  b  for  Aftershocks 

of  Ishtlon  Earthquake  for  Various  Observation 

Points 


1  Ctuiium 

K.P 

f#.  • 
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i. 

l'apit . 

100 

80 

0,14 

0,14 

0,10 

0,06 

itaAUMW*  ■  .  . 

90 

110 

0,13 

0,10 

0,17 

0,10 

flaro-iux  .  .  . 

90 

100 

0,14 

0,16 

0,21 

0.09 

Ubum  . 

35 

70 

0,09 

0,15 

0,08 

0,10 

Myraa  .... 

45 

05 

0,00 

0,13 

0,13 

0,11 

Ilumioa  .  .  . 

75 

50 

0,12 

0,13 

0,05 

0,06 

1)  Station;  2)  Qarm;  3)  Yaldymych;  4)  Yan- 
golyk;  5)  Nimich;  6)  Chusal;  7)  Ishtlon. 

The  two  last  columns  of  this  table  give  values  of  q  for  the  av¬ 
erage  departure  of  the  logarithms  of  the  observed  frequencies  from  the 
values  of  the  logarithms  of  frequencies  corresponding  to  a  function  of 
the  form  (28),  which  Is  linear  in  a  double-logarithmic  coordinate  sys¬ 
tem.  For  the  station  closest  to  the  focus  (Ishtlon,  in  this  case),  q 
Is  at  a  minimum.  For  this  station,  the  parameters  fQ  and  b  are  normally 
close  to  the  average  values  for  all  the  observation  points.  At  greater 
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distances,  the  f(E)  dependence  becomes  less  clearly  defined,  the  spread 
of  points  around  the  line  becomes  greater,  and  the  parameters  fQ  and  b 
depart  more  sharply  from  their  mean  values  over  all  stations.  In  order 
to  discover  systematic  spectrum  distortions  introduced  by  observation- 
site  features,  the  mean  frequencies  for  a  specific  group  of  earthquakes 
are  compared  for  the  various  stations.  Five  groups  of  earthquakes  were 
selected:  1)  all  of  the  earthquakes  falling  into  the  seventh  energy 
class  occurring  among  the  repeated  shocks  of  the  earthquake  of  16  June 
1956;  2)  the  same  group  for  the  earthquake  of  13  November  1955;  3)  the 
same  groups,  but  for  class  eight  repeated  shocks;  4)  the  same,  for 
class  nine  shocks;  5)  all  27  class  nine  earthquakes  occurring  in  1955- 
1956  in  the  Peter  I  range. 


^  mu’  •j’t  j/vw 3*^ **5  vc/t 

Fig.  60.  Effect  of  observation  site  on  dominant  vibration 
frequency  for  arrivals  of  longitudinal  (P)  and  transverse 
(S)  waves.  1)  Garm;  2)  Yaldymych;  3)  Yangolyk;  4)  Nimich;  5) 

Chusal;  6)  Ishtion;  7}  Tovil'-Dora. 

Figure  60  shows  the  results  of  a  comparison  for  the  f.^  vibration 
frequencies  in  the  arrivals  of  P  and  S  waves.  Here,  the  stations  are 
arranged  arbitrarily  along  the  axis  of  abscissas,  while  the  axis  of 
ordinates  is  a  linear  frequency  scale  with  the  origin  shifted  somewhat 
for  each  of  the  five  earthquake  groups  mentioned.  No  sharp  anomalies  —  ’ 

peaks  or  dips  connected  with  the  observation  sites  and  common  to  all 
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five  graphs  —  are  to  be  seen.  There  is  a  certain  noticeable  Increase 
in  S-wave  frequency  at  the  Garm  station,  and  a  general  drop  in  fre¬ 
quency  at  the  southern  stations:  Tovll'-Dora  and  Ishtion.  This  may  be 
explained  by  the  fact  that  these  stations  are  founded  upon  sedimentary 
material,  many  kilometers  thick,  which  has  a  greater  coefficient  of 
absorption  than  the  rocks  of  the  crystalline  and  metamorphic  "basement, 
upon  which  the  remaining,  northern  stations  are  established. 

The  absence  of  large  spectral  anomalies  connected  with  observa¬ 
tion  sites  is  natural,  since  all  of  the  seismic  stations  under  con¬ 
sideration  are  located  on  lithified  Paleozoic  (northern  stations)  or 
densely  cemented  Mesozoic  or  Cenozoic  bedrock  (southern  stations). 
Effect  of  Loose  Soil 

It  is  known  that  a  layer  of  loose  deposits  at  an  observation  point 
can  cause  a  change  in  the  frequency  composition  of  seismic  vibrations. 
In  seismology,  however,  the  existence  of  such  a  layer  is  taken  Into 
account,  as  a  rule,  only  in  evaluating  the  amplitude  variation  of  such 
vibrations  [87,  l4l].  It  is  of  interest  to  use  experimental  data  to 
obtain  even  an  approximate  estimate  of  the  effect  of  ground  conditions 
upon  the  dominant  vibration  frequencies,  and,  incidentally,  upon  their 
amplitude  and  duration.  Such  an  investigation  was  carried  out  in  the 
region  of  the  Chusal  seismic  station. 


Fig.  61.  Diagram  showing  seismograph 
placement  for  recording  earthquakes  un¬ 
der  various  ground  conditions  at  Chusal 
station.  1)  Granite;  2)  talus. 
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Here  identical  VEGIK  seismographs  were  installed  at  various  points: 
l)  on  bedrock;  2)  on  a  mountain  slope  where  the  layer  of  detritus 
(talus)  amounted  to  1-2  m;  3)  in  the  eastern  portion  of  the  gully, 
with  a  depth  of  20  m;  4)  in  the  center  of  the  gully,  where  the  thick¬ 
ness  of  the  layer  of  detritus  reaches  60-1G0  m.  A  diagram  showing  the 
placement  of  the  instruments  is  given  in  Fig.  61.  The  distances  between 
the  individual  observation  points  did  not  exceed  200  m.  This  made  it 
possible  to  assume  that  for  any  given  earthquake,  the  hypocentral  dis¬ 
tances  to  each  of  the  observation  points  were  practically  identical, 
so  that  differences  in  the  dynamic  features  of  the  seismic  vibrations 
at  these  points  could  be  associated  only  with  a  difference  in  ground 
conditions. 

The  vibrations  arriving  at  the  various  points  were  recorded  on  a 
single  strip.  The  time  sweep  was  speeded  up  by  a  factor  of  2.5-3  over 
the  normal  rate,  and  reached  10-12  mm/sec,  which  made  it  possible  to 
obtain  good  resolution  on  the  records,  and  quite  high  precision  in  fre¬ 
quency  determination. 

Figure  62  shows  two  examples  of  earthquake  records  for  different 
thicknesses  of  the  detritus  layer.  The  recordings  are  numbered  in  ac¬ 
cordance  with  the  numbering  of  the  observation  points  (Fig.  6l),  so 
that  as  the  number  goes  up,  the  layer  thickness  increases.  It  is  clear 
from  the  recordings  that  for  the  same  earthquake,  an  increase  in  layer 
thickness  leads  to  a  well-defined  increase  in  vibration  amplitude  and 
duration,  and  to  a  decrease,  on  the  average,  in  the  vibration  fre¬ 
quencies. 

The  maximum  displacement  amplitudes  rose,  on  the  average,  by  fac¬ 
tors  of  1.9,  3.1,  and  3*6  for  points  2,  3#  and  4  with  respect  to  point  1. 

For  a  quantitative  evaluation  of  the  increase  in  vibration  length 
At,  we  define  the  length  as  the  time  over  which  vibrations  are  observed 
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at  an  amplitude  of  no  less  than  Amax/ 2.7.  Then  at  points  2,  3,  and  4, 
the  length  turns  out  to  be  greater  than  at  point  1  by  factors  of  1.2, 
2.4,  and  2.7,  respectively.  The  length  increase  at  points  3  and  4  is 
associated  with  the  appearance  of  a  set  of  several  vibrations  of 
roughly  constant  period  in  place  of  the  one-two  vibrations  at  point  1. 

The  dominant  vibration  frequencies  at  the  various  points  were  com¬ 
pared  for  three  vibration  groups:  1)  for  the  short-wave  group,  begin¬ 
ning  with  the  arrival  of  the  S  waves,  and  lasting  about  0.1-0. 5  sec; 

2)  for  the  longer-wave  group  following  the  first  group,  and  3)  for  the 
maximum  displacement,  regardless  of  the  time  of  arrival.  A  comparison 
of  the  dominant  frequencies  for  each  of  these  sections  at  all  of  the 
four  observation  points  showed  the  following. 
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Fig.  62.  Examples  of  earthquake  records  for  various 
detritus  depths. 


1.  The  vibration  frequencies  in  the  S-wave  arrival  region  at  all 
four  points  were  nearly  the  same.  The  values  of  the  frequencies  at 
points  2,  3,  and  4,  however,  fluctuated  in  both  directions  from  the 
value  at  point  1  by  roughly  20-30£. 
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2.  The  frequencies  of  the  second  group,  normally  carrying  the 
main  portion  of  energy  for  the  disturbance  v:c-rc ,  on  the  average,  lower 
than  the  frequencies  of  the  first  arrivals  by  20-40$.  But  while  this 
decrease  was  stable  at  the  first  point  (on  bedrock),  at  the  other 
points  (on  detritus),  it  was  observed  against  a  background  of  great 
scatter  (60-80$). 

3.  As  a  rule,  the  frequency  in  a  region  of  maximum  displacement 
for  bedrock  coincides  with  the  frequency  of  the  first-arrival  group, 
since  at  such  a  point  the  vibration  maximum  normally  occurs  precisely 
with  the  first-arrival  group.  At  points  3  and  4,  where  the  thickness 
of  the  layer  of  detritus  reaches  several  tens  of  meters,  the  displace¬ 
ment  maximum  in  the  majority  of  records  moves  to  the  region  of  subse¬ 
quent  vibrations.  With  this  change,  the  frequency  in  this  region  at 
points  3  and  4  will  be  less  in  comparison  with  that  at  point  1,  for 
example,  it  will  have  half  the  value. 

Thus,  ground  conditions  have  comparatively  little  effect  upon  the 
dominant  frequencies  of  the  main  group  of  vibrations  near  the  arrival 
of  the  S  waves.  Greater  frequency  variations  are  found  on  the  later 
portions  of  the  record.  A  certain  systematic  drop  in  frequencies  may 
be  observed  on  these  sections,  appearing  against  a  background  of  ex¬ 
tremely  large  scatter.  Basically,  the  effect  of  the  layer  of  detritus 
reduces  to  a  sharp  tightening  up  of  the  record,  and  the  appearance  of 
a  set  of  vibrations  in  normal  form  at  relatively  low  frequency.  This 
corresponds,  as  is  known,  to  a  compression  of  the  frequency  spectrum 
and  to  the  appearance  of  a  resonance  peak  on  the  spectrum  curve  in  the 
dominant -frequency  region. 

Function  f(E)  for  Earthquakes  with  Various  Focal  Locations  within 
Sedimentary  Bed 

So  far,  we  have  examined  graphs  of  f(E)  for  the  dominant  vibra- 
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Fig.  64.  Graph  of  the  function 
f ( E) ,  plotted  from  observations 
of  dominant  earthquake  frequen¬ 
cies,  disregarding  location  of 
the  focus  within  sedimentary 
bed  of  Peter  I  Range. 

tion  frequencies  f  as  a  function  of  the  seismic  energy  E  of  the  focus, 
plotted  from  observations  of  repeated  shocks  from  precisely  the  same 
focus.  We  now  turn  to  graphs  of  f(E)  based  on  data  for  the  dominant 
frequencies  of  repeated  shocks  from  other  foci  (Fig.  63 j -  Comparing 
these  graphs,  we  see  that  when  the  focal  position  changes  (within  the 
strata  of  the  Peter  I  Range),  the  dominant  frequencies  will  differ  by 
20-30#,  on  the  average,  and  the  position  of  the  focus  will  affect  the 
shape  of  the  f  vs.  E  function  in  about  the  same  way  as  the  observation- 
point  position.  This  last  conclusion  is  extremely  important,  and  makes 
it  possible  to  plot  the  function  f(E)  from  observations  of  the  dominant 
frequencies  for  various  earthquakes  in  the  Peter  I  Range  without  refer¬ 
ence  to  the  positions  of  their  foci. 

In  order  to  do  this,  20  earthquakes  were  selected  from  each  energy 
class  from  K  =  3  to  K  =  10,  and  all  earthquakes  of  higher  classes  oc¬ 
curring  in  the  Peter  I  Range  in  the  1955-1956  period  were  taken:  eight 
earthquakes  of  K  -  11,  six  of  K  =  12,  and  three  of  K  -  13 •  The  dom¬ 
inant  frequencies  were  measured  on  eill  records  of  these  earthquakes, 
using  the  method  described  above  (§2). 


As  a  result,  for  each  energy  clasr>  we  obtained  t:.e  value  '.f  the 

dominant  frequency,  averaged  for  various  recording  sections,  all  ob¬ 
servation  points,  and  different  foci.  This  averaging  was  carried  out 
separately  for  the  longitudinal  and  transverse  waves.  Figure  64  shows 
the  measurement  results  o.cx*  the  entire  energy  range  from  K  =  3  to 
K  =  13  (the  graphs  are  plotted  in  a  logarithmic-linear  coordinate  sys¬ 
tem).  The  results  are  described  quite  well  by  the  following  functions 
for  the  longitudinal  (P)  and  transverse  (S)  waves « 

fv  —  13  —  0,89  A’,  (29) 

/,  =  9  —  0,69  K. 

If  we  attempt  to  approximate  these  results  by  a  3tep  function, 
which  corresponds  to  drawing  the  averaging  line  in  a  double  logarithmic 
coordinate  system,  we  will  find  that  for  weak  earthquakes  of  K  =  3-10, 
the  frequency  will  drop  off  in  inverse  proportion  to  the  fifteenth 
root  of  the  energy,  while  for  stronger  earthquakes  of  K  =  9-13,  it 
will  decrease  in  inverse  proportion  to  the  eighth  root  of  the  energy. 

Comparing  these  results  with  the  similar  results  obtained  from 
several  series  of  repeated  shocks,  we  see  that,  on  the  whole,  they 
agree  satisfactorily. 

Comparison  with  Data  on  Vibration  Frequencies  Occurring  during 
destructive  Earthquakes 

It  is  desirable  to  connect  and  fit  together  our  data  on  the  vibra¬ 
tion  frequencies  for  weak  (and  moderate)  earthquakes  with  the  results 
of  similar  investigations  for  strong  destructive  earthquakes,  in  order 
to  investigate  the  possibility  of  extrapolating  the  functions  f(B), 
obtained  for  weak  earthquakes,  to  strong  earthquakes. 

As  we  ourselves  do  not  have  observational  material  on  strong 
earthquakes  available,  we  turn  to  the  works  of  other  authors.  Here  we 
are  faced  with  well-known  difficulties.  Data  on  vibration  frequencies 
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available  in  the  literature  for  strong  earthquakes  must  be  selected 
very  critically,  in  view  of  the  differences  among  the  apparatus  em¬ 
ployed,  the  frequent  lack  of  the  information  required  for  a  sufficiently 
definite  evaluation  of  earthquake  energy,  and  in  view  of  the  normally 
large  epicentral  distances  at  which  the  observations  were  carried  out. 

In  nearly  all  the  studies,  the  earthquakes  are  not  classified  in  terms 
of  the  energy  E,  but  by  the  magnitude  M,  where  various  modified  M 
scales  are  used.  In  analyzing  the  studies  of  other  authors,  we  have 
converted  their  results  to  our  E  energy  scale.  To  do  this,  we  made  use 
of  the  results  of  a  comparison  of  the  M  and  E  scales  (Chapter  4,  §5), 
and  a  correlation  formula  (20),  connecting  the  maximum  amplitudes  with 
the  hypocentral  distance  and  the  energy  E  of  the  earthquake.. 

The  article  [132]  gives  results  of  a  spectral  treatment  by  Tom- 
oda's  method  [142]  of  more  than  100  earthquake  records  from  Japan.  The 
results  of  this  work  are  extremely  well-grounded  and  reliable.  The  fol¬ 
lowing  relationship  between  M  and  T  was  obtained  for  groups  of  earth¬ 
quakes  having  foci  that  were  not  too  deep 

I*  T  =-1,35  +  0,3.1/.  (30*) 

Assuming  in  accordance  with  Formula  (22)  that  M  =  0.55  K  —  2.2,  we  ob¬ 
tain 


Figure  65  shows  the  dominant  frequencies  f  plotted  as  a  function  of 
the  earthquake  energy  E  in  joules,  found  in  accordance  with  the  data 
of  this  article. 

The  relationship  between  the  period  T  of  the  maximum  amplitudes 
and  the  earthquake  intensity  H  has  also  been  studied  in  [63].  The 
authors  arrived  at  the  following  formula: 

lgf  “  — 1.5  +  0,22  M.  {30") 


Converting  from  M  to  E,  and  substituting  t/f  for  T,  we  obtain 


10  • 

Vi: 

In  [143],  a  relationship  was  obtained  between  the  period  T  of 
longitudinal  (P)  waves  and  the  earthquake  magnitude  M  from  observations 
of  several  destructive  (K  =  14-17)  Japanese  earthquakes.  This  study  is 


Pig.  65.  Dominant  vibration 
frequencies  from  data  of  Aki 
[130]. 


Fig.  66.  Dominant  vibration 
frequencies  for  strong  earth¬ 
quakes  from  data  of  several 
authors. 


supplemented  by  [119]»  which  gives  the  results  of  dominant-frequency 
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measurements  for  P  and  S  waves  for  four  weaker  (K  =  11-14)  earthquakes 
In  the  same  region.  The  frequency  data  given  in  these  two  articles  cor¬ 
respond  approximately  to  the  following,  function 

4  i'uimI 

~  * _ ’ 

VHdM 

Separate  unrelated  data  on  the  dominant  frequencies  for  strong 
earthquakes,  obtained  from  [14,  97,  144-149],  and  based  to  a  large  ex¬ 
tent  upon  direct  measurements,  are  shown  graphically  on  Fig.  66.  De¬ 
spite  the  considerable  spread  of  the  individual  points,  which  is  quite 
natural  in  such  cases,  the  increase  in  period  with  rising  energy  is 
evident.  The  equation  of  the  line  in  double  logarithmic  coordinates, 
which  Is  the  best  means  for  averaging  these  data,  takes  the  form 

>*/  =  i,8_  o,14  !*£&*.  (30'") 

or 


Finally,  let  us  summarize  (in  the  form  of  the  graph  of  Fig.  67) 
the  relationships  between  the  dominant  frequencies  jf  and  the  earth¬ 
quake  energy  E;  the  relationships  are  based  upon  our  data  for  weak 
earthquakes  of  K  =  4-13,  and  the  relationships  for  perceptible  and  de¬ 
structive  earthquakes  of  K  =  12-17,  on  the  publications  mentioned 
above.  On  the  overlapping  section  for  K  =  11-13,  the  graph  for  the 
data  of  the  expedition  basically  agrees  with  data  obtained  in  other 
studies,  but  the  mean  slopes  of  the  average  curve  differ  to  the  right 
and  to  the  left  of  this  section.  In  the  strong-earthquake  region,  the 
average  curve  Is  steeper,  and  the  frequencies  vary  more  sharply  with 
energy,  f  -  B"*^,  than  in  the  weak-earthquake  region  where  t  - 
The  summary  graph  (Fig.  67)  is  approximated  over  the  entire  energy 
range  by  the  function 
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Fig.  67.  Summary  graph  of  f(E)  from  materials  of 
TKSE  (dots)  and  data  published  in  the  literature 
(crosses). 


Ik/  0.7!» -f  0.047  lg  £  - o,im*78(Ir/.V.  ( 31) 

This  is  an  empirical  formula,  and  may  be  utilized  for  a  rough, 
approximate  estimate  of  dominant  vibration  frequencies  f  for  strong 
earthquakes,  using  observations  of  weak-earthquake  frequencies,  i.e., 
it  tends  to  confirm  that  the  desired  extrapolation  is  possible.  We 
should  also  note  the  desirability  of  further  refinements  and  more  de¬ 
tailed  work  in  this  region.  To  do  this,  it  is  first  of  all  necessary  to 
continue  the  experimental  investigation  of  the  dominant  frequencies  of 
seismic  vibrations  over  a  broad  range  of  earthquake  energies,  and  for 
various  focal  conditions,  and  to  investigate  the  wave -propagation 
paths  in  the  detection  region. 

§4.  APPARATUS  FOR  FREQUENCY-SELECTIVE  SEISMQMETRY 

The  principle  of  parallel  analysis  of  an  oscillation  through  si¬ 
multaneous  recording  of  the  oscillation  by  a  set  of  frequency-selective 
channels  operating  in  various  sections  of  the  range  under  investigation, 
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a  principle  well  knew n  In  electroacoustics,  forms  the  basis  for  the 
method  of  frequency-selective  selsmometry.  For  this  purpose,  the  ChlSS- 
1954  fixed  frequency-selective  seismic  station  was  developed  in  1 95^> 
the  station  was  designed  to  study  the  frequency  composition  of  seismic 
waves  occurring  during  earthquakes,  and  for  absolute  measurements  of 
the  basic  ground-vibration  parameters:  displacements,  velocities,  and 
accelerations. 

The  apparatus  of  the  ChISS  statioij  represents  a  further  develop¬ 
ment  of  the  earlier  high-sensitivity  universal  type  VUSS  seismic  sta¬ 
tion,  which  was  designed  to  measure  the  frequency  spectra  of  short- 
period  microseisms  and  the  physical  characteristics  of  the  seismic 
waves  observed  in  seismic  prospecting  [150,  272].  The  frequency  range 
of  the  ChISS  station,  and  its  magnification  in  fixed  recording  were 
chosen  on  the  basis  of  experience  gained  by  the  Garm  expedition  of 
1952-1953  in  recording  near-by  earthquakes  with  a  special  spectral  de¬ 
vice.* 

Operating  Principle  of  Frequency-Selective  Station 

The  following  considerations  were  involved  in  the  choice  of  the 
simultaneous  frequency-analysis  principle  to  investigate  near-by  earth¬ 
quakes.  When  analyzing  records  of  such  earthquakes,  we  are  involved,  as 
a  rule,  not  with  a  single  disturbance,  but  with  a  series  of  separate 
seismic  waves,  arriving  at  irregular  and  sometimes  very  short  time  in¬ 
tervals.  A  study  of  seismic-wave  frequency  composition  presupposes  the 
possibility  of  first  isolating  these  waves  from  the  general  complex 
disturbance.  Experience  gained  in  seismic  prospecting  shows  that  one 
of  the  most  effective  means  for  isolating  waves  is  the  deliberate  in¬ 
troduction  of  certain  controlled  frequency  distortions;  various  types 
of  distortion  may  be  required  in  this  case  to  extract  the  different 
waves.  The  simultaneous  frequency-analysis  method  makes  it  possible  to 
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do  this  directly,  solving  two  problems  uy  a  single  mclmd:  the  isola¬ 
tion  of  the  seismic  waves,  and  the  determination  cf  their  frequency 
composition. 

We  note  that  the  application  of  the  principle  of  step-by-step 
analysis  of  a  broad  band  recording,  well-known  from  electroacoustics, 
for  these  same  two  purposes  would  require  the  additional  procedure  of 
rerecording  the  primary  seismogram  to  make  copies. 

The  choice  of  bandwidth  in  the  set  of  selective  channels  for  the 
ChISS  is  intimately  associated  both  with  the  amount  of  detail  desired 
from  the  analysis,  and  with  the  resolving  power  of  the  apparatus  with 
respect  to  the  Isolation  of  separate  waves.  It  would  evidently  be  nec¬ 
essary  to  decrease  the  bandwidth  of  a  tuned  filter  in  order  to  In¬ 
crease  analysis  detail;  this  would  require  a  corresponding  increase  in 
the  number  of  selective  channels  over  the  given  range.  A  decrease  in 
bandwidth  will  Inevitably  lead  to  an  increase  in  the  length  of  natural 
oscillations  in  the  filter  circuit,  however,  and  will  consequently 
hinder  the  time  separation  of  successive  waves.  In  addition,  an  in¬ 
crease  in  the  number  of  channels  will  complicate  the  equipment  and  the 
processing  of  the  observations.  In  practice,  the  selection  of  a  reason¬ 
able  bandwidth  for  the  selective  channels  is  determined  by  the  fre¬ 
quencies  to  be  analyzed,  and  by  the  minimum  time  intervals  between  the 
wave  pulses  that  must  be  differentiated.  Experimental  recording  of 
near-by  earthquakes  using  sets  of  frequency-selective  channels  having 
relative  bandwidths  of  from  10JG  to  *K)0j6  has  shown  that  the  best,  filters 
have  bandwidths  of  about  100#  (this  is  the  same  bandwidth  normally 
used  in  seismic  prospecting  by  the  refracted-wave  correlation  method, 
and  in  deep  seismic  sounding  of  the  earth's  crust). 

Initially,  tuned  filters  were  used  for  this  purpose.  Subsequently, 

they  were  replaced,  in  the  ChISS  station,  with  band-pass  octave  fil- 
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|  ters,  which  have  the  advantage  that  cn  single-channel  records,  over 

the  flat  part  of  the  characteristic,  it  is  possible  to  differentiate 
vibrations  from  the  frequency  of  the  various  wave  pulses,  which  is 
visible  on  the  seismogram. 

The  ChISS-195^  Frequency-Selective  Seismic  Station 

This  station  was  specially  designed  for  the  quantitative  study  of 
seismic-wave  dynamic  characteristics  for  near-by  earthquakes. 

The  basic  difference  between  this  station  and  normal  equipment 
for  broadband  earthquake  recording  is  the  addition  of  a  third  inter¬ 
mediate  filter-amplifier  stage  to  the  two-section  seismic  transducer- 
galvanometer  system;  this  makes  it  possible  to  control  the  frequency- 
selective  properties  of  the  channel,  and  its  magnification.  Another 
important  function  of  the  filter-amplifier  section  is  to  isolate  the 
seismic  transducer  from  galvanometer  reaction.  The  frequency  response 
of  each  detector -recording  channel  will  in  this  case  be  the  product  of 
the  frequency  responses  of  its  series-connected  sections.  This  circuit 
makes  it  possible  to  control  the  frequency  responses  and  magnifications 
of  the  channels,  and  also  permits  an  increase  in  station  sensitivity 
over  the  entire  range  of  frequencies  to  values  close  to  the  theoretical 
limit  associated  with  the  existence  of  thermal  fluctuations.  The  fre¬ 
quency  characteristics  may  be  monitored  under  field  conditions. 

The  ChISS  station  is  equipped  with  five  separate  filter-amplifier  — 
galvanometer  channels  using  a  common  seismic  transducer  as  the  sensor. 
The  inputs  of  all  of  the  filter-amplifiers  are  connected  in  parallel. 

The  basic  block  diagram  of  the  station  is  shown  in  Pig.  68.  An  RS-II 
station  recording  device  is  used  for  the  recording  system. 

A  filter-amplifier  may  be  connected  to  either  an  integrating  or 
differentiating  circuit,  which  makes  it  possible  to  choose  between 

•  M 

measurements  of  ground  displacement  x,  velocity  x,  or  acceleration  x. 
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In  order  to  expand  the  over-all  dynamic  recording  range  a  nonlin¬ 
ear  element  may  be  Introduced  Into  the  intermediate  circuit;  this  ele¬ 
ment  acts  to  produce  a  logarithmic  function  of  the  vibration  process 
recorded. 

Basic  Sections  of  a  Seismic  Channel 

These  sections  include:  the  seismic  transducer,  a  filter-amplifier, 
and  the  galvanometer. 

1.  The  seismic  transducer.  The  ChISS-195^  station  made  use  of  D. A. 
Khar in's  VSKh-1  dynamic  device  as  the  seismic  transducer;  this  device 
has  a  pendulum-oscillation  period  T^  =  1  sec.  The  amount  of  damping 


Pig.  68.  Block  diagram  of  ChISS-195^  fre¬ 
quency-selective  seismic  station.  SP)  Seis¬ 
mic  transducer;  IYa)  Integrating  circuit; 

PU)  preamplifier;  Gl-5)  galvanometers;  FU 
1-5)  filter-amplifiers. 

was  chosen  on  the  basis  of  experiments  using  a  vibrating  platform;  the 
amount  of  damping  was  so  calculated  that  over  the  1.25  to  40  cps  band, 
the  instrument  characteristic  was  a  linear  function  of  frequency  within 
the  permissible  limits  of  error.  In  this  case,  the  seismic  transducer 
acts  as  a  velocity  sensor.  The  seismic  transducer  was  calibrated  in 
absolute  units.  The  characteristic  for  this  instrument  is  shown  in  Fig. 
69.  The  platform- vibration  frequencies  f,in  cps,  are  plotted  along  the 

horizontal  axis  of  this  graph,  and  the  amplitude  A  of  the  emf  fluctua- 
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Fig.  69.  Seismic -transducer  frequency 
responses,  a)  Without  integrator 
(velocity  sensor);  b)  with  integrat¬ 
ing  circuit  (displacement  sensor). 

tlons  across  the  seismic -transducer  terminals 
is  plotted  along  the  vertical  axis,  in  milli¬ 
volts  per  micron  of  platform  displacement. 

Curve  a  gives  the  voltage  directly  across 
the  seismic-transducer  terminals  (displace¬ 
ment-velocity  measurement),  and  curve  b,  the 
voltage  across  the  terminals  of  the  integrat¬ 
ing  RC  circuit  connected  in  series  with  the 
seismic  transducer  (displacement  measurement). 

We  can  calculate  the  frequency  response  of  the  seismic  transducer 
if  we  know  the  electromechanical  coupling  coefficient  (KEMS),  which  la 
easily  obtained  by  the  static  method.  There  is  an  advantage  In  the  di¬ 
rect  determination  of  its  frequency  response  with  the  aid  of  a  vibrat¬ 
ing  platform,  lying  in  the  fact  that  it  is  possible  to  uncover  (and 
eliminate)  possible  sources  of  spurious  resonances,  and  substantially  to 
refine  the  characteristic  at  frequencies  close  to  the  resonant  frequency 
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Fig.  70.  Region  of 
seismic-transducer 
dynamic -range  line¬ 
arity. 


of  the  seismic  transducer. 

In  addition  to  finding  the  frequency  response,  it  is  quite  import¬ 
ant  to  determine  the  upper  limit  cf  linear  rperaticn  for  the  instru¬ 
ment.  There  may  be  two  factors  causing  nonlinear  distortion  in  the 
seismic  transducer:  vibration  of  individual  mechanical  elements  at 
sufficiently  high  accelerations,  and  the  limited  operating  range  of 
the  uniform  magnetic  field  in  the  magnet  gap.  With  the  help  of  the 
vibrating  platform,  it  has  beep  established  that  nonlinear  distortions 
appear  at  an  acceleration  of  0.4  g.  For  various  frequencies,  this  cor¬ 
responds  to  ground-displacement  amplitudes  that  may  be  determined  from 
a  chart  (Fig.  70).  Thus,  at  a  frequency  of  1  cps,  an  acceleration  of 
0.4  g  corresponds  to  a  100-mm  displacement,  at  10  cps  to  1  mm,  and  at 
30  cps  to  0.1  mm  (curve  a);  on  the  other  hand,  displacement  amplitudes 
for  the  seismic -transducer  coil  exceeding  1  mm  will  be  subject  to  dis¬ 
tortion  owing  to  the  nonuniforraity  of  the  magnetic  field  (curve  b). 
Thus,  the  dynamic  range  of  vibrations  recorded  turns  out.  In  reality, 
to  be  quite  limited  at  both  low  and  high  frequencies.  The  hatched  sec¬ 
tion  on  the  graph  of  Fig.  70  indicates  the  dynamic  range  for  linear 
operation  of  the  seismic  transducer  at  frequencies  of  from  1  to  64  cps. 

Seismic  transducers  of  other  types  may  be  used  as  the  sensor  for 
the  ChISS  station,  provided  that  the  frequency  responses  and  impedances 
are  matched. 

2.  The  filter-amplifier.  This  Is  a  complex  four-terminal  network, 
consisting  in  general  of  n  series-connected  single-stage  amplifiers 
and  coupling  (intermediate)  circuits  (Fig.  71).  The  following  simple 
elements  of  this  four-terminal  network  may  be  isolated. 

a)  An  RC  integrating  circuit,  which  performs  the  function  of  sig¬ 
nal  frequency  division  (see  Fig.  71#  left  side).  In  this  case,  the  RC 
circuit  represents  the  load  on  the  seismic  transducer,  and  it  is  de- 


signed  with  an  eye  to  the  Internal  resistance.  If  the  impedance  cf  the 
seismic  transducer  equals  r__,  and  the  permissible  error  in  the  divider 
does  not  exceed  10#  (here  we  do  not  allow  for  the  voltage  drop  across 


Pig.  71*  Circuit  of  preamplifier  PU. 

VSKh)  Seismic  transducer;  RC)  integrat¬ 
ing  circuit;  MGPA)  monitoring  generator. 

1)  To  amplifier-galvanometer  unit;  2) 

6F5. 

the  sensor  coil),  then  the  total  divider-circuit  impedance  should  be 
at  least  10  rsp. 

It  -  ^  10  rr„, 

where  u  is  the  angular  frequency. 

For  the  integration  error  to  stay  below  or  at  10#,  the  reactance 
over  the  entire  working  frequency  range  should  be  no  more  than  one 
tenth  the  divider-circuit  impedance 

If  this  condition  holds  at  low  frequencies,  it  will  certainly  hold  at 
higher  frequencies.  Consequently,  it  is  sufficient  to  ensure  that  this 
condition  is  fulfilled  for  the  lower,  frequency  boundary  of  the  working 
range  (f  -  2  cps,  where  u  -  12.5) 

-3^5-  -  o.i  (/r  h- 

Jt  -r  -J5J5  -  10  r*  -  1400  om. 
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Solving  these  two  equations,  v/e  find  the  values  of  R  and  C  for  the  in¬ 
tegrating  circuit:  R  =  1260  ohms,  C  =  37C  M-f. 

Figure  69  shows  the  characteristic  of  the  sel3mlc  transducer  with 
Integrating  circuit;  It  reflects  the  self-evident  relationship 

j_ 

l.(  uf  J 

It  ■  U  ~  J_  1  —  *>HC  ‘ 

~*C  •'  " 

Where  uRC  »  1,  we  may  substitute  the  expression 

_L  ^  ‘  ‘ 

i  L.ltt - t»  /«'’ 

for  it.  This  means  that  the  signal  taken  from  capacitor  C  will  always 
be  smaller  than  the  signal  appearing  in  the  seismic -transducer  coll; 
here  the  magnitude  of  the  signal  will  be  Inversely  proportional  to  the 
frequency. 


The  lower  the  permissible  integration  error,  the  smaller  the 
amount  of  the  signal  supplied  to  the  next  stage  in  the  form  of  a  use¬ 
ful  signal.  Thus,  It  ia  necessary  in  practice  to  tolerate  the  presence 
of  deviations  from  ideal  integration,  and  in  particular,  in  the  design 
of  extremely  sensitive  circuits,  where  the  useful  signal  may  prove  to 
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be  comparable  in  magnitude  with  the  fluctuation  noise. 

b)  The  preamplifier  PU,  which  acts  to  magnify  the  signal,  uses  a 
single  6F5  tube,  is  a  broad  band  amplifier,  and  does  not  introduce 
frequency  distortion  (Fig.  71).  A  special  feature  of  the  preamplifier 
power  supply  is  the  reduced  heater  and  plate  voltage,  resulting  in  al¬ 
most  complete  absence  of  grid-current  fluctuations!  this  ensures  a  low 
internal-noise  level;  this  level,  which  determines  the  maximum  sensi¬ 
tivity  for  each  channel  does  not  exceed  0.1  ^v  at  the  output  over  the 
working  frequency  band.  The  preamplifier  has  a  gain  of  roughly  10-15. 

c)  The  filter-amplifier  proper,  whose  transfer  function  is  a  def¬ 
inite  function  of  frequency,  also  determines  the  characteristics  of  the 
channel  as  a  whole.  The  gain  of  this  unit  may  be  adjusted;  it  is  thus 
possible  to  establish  the  required  channel  magnification.  The  filter- 
amplifier  output-circuit  impedance  is  matched  to  the  load,  i.e.,  to 
the  galvanometer  resistance. 

Figures  72  and  73  show  circuits  for  two  filter-amplifiers.  The 
three-  and  four-stage  circuits  use  the  low -power -drain  1B1P  tubes, 
which  are  pentode-connected.  6D4Zh  diodes  are  used  in  the  logarithmic 


circuit.  A  type  0.425B  5.5-12  current-regulator  tube  is  used  to  stabil¬ 
ize  the  heater  current.  The  basic  LC  filter  circuit  is  located  between 
the  first  and  second  stages,  and  its  over -all  impedance  is  designed  to 
allow  for  the  constants  of  the  first  filter-amplifier  stages  the  filter 
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is  the  load  fcr  the  first  stage.  We  arbitrarily  consider  the  first 
stage  with  the  filter  circuit  to  be  the  filter  proper.  Thus,  the  cir¬ 
cuit  of  the  actual  filter-amplifier  will  be  considered  to  consist  of 
the  filter  proper  and  the  amplifier  proper. 

The  circuit  sections  enumerated  are  connected  in  series;  it  is 
thus  in  principle  possible  to  rearrange  the  elements,  provided  that 
certain  technical  operating  features  for  the  different  type  of  circuit 
are  taken  into  account.  Here  it  is  necessary  to  reckon  with  limitations 
upon  the  choice  of  the  linear  operating  sections  of  the  several  cir¬ 
cuits.  Thus,  for  example,  an  element  containing  inductances  and  radio 
tubes  has  a  more  limited  linear  characteristic  section  for  the  trans¬ 
mission  of  electrical  signals,  than  elements  consisting  solely  of  a 
capacitance  and  resistors. 

In  the  general  case,  the  complex  four-terminal  network  (filter- 
amplifier),  connected  between  two-terminal  networks  (the  seismic  trans¬ 
ducer  and  galvanometer),  is  designed  with  an  eye  to  both  the  frequency 
responses  required  for  the  circuit  as  a  whole,  and  the  amplitude  range 
of  the  signals  which  the  given  circuit  Is  supposed  to  transmit. 

3.  The  galvanometer.  Two  types  of  galvanometer  are  used  in  the 
ChISS  station;  G3-IV  galvanometers  [19,  20]  and  the  strain-gauge-type 
galvanometers  of  the  "Oeofizika"  Plant.  The  parameters  for  both  types 
of  galvanometers  are  about  the  same;  resonant  frequency  70  cps,  sen¬ 
sitivity  0.4*10~^  amp/mm  for  an  optical  lever  of  0.4  ra,  galvanometer 
resistance  40  ohms.  Thus,  the  galvanometer  voltage  sensitivity  will 
equal  0.4* 10"^  amp/mm* 4o  ohms  —  1.6*10”^  v/mm.  The  maximum  useful  sig¬ 
nal  (100  mm  amplitude  on  the  recording)  corresponds  to  a  current  of 
.  -4 

0.4*10  amp  in  the  galvanometer  circuit  with  am  output  voltage  of 
1.6*10~3  v.  Type  BO-9  or  BO-12  permanent-magnet  units  are  used  with 
the  galvanometers. 
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The  damping  was  so  chosen  by  experiment  that  over  the  entire  work¬ 
ing  range  of  the  station,  the  galvanometer  sensitivity  was  nearly  fre¬ 
quency-independent,  while  outside  the  working  frequency  range,  the 
damping  fell  off. 

Station  Frequency  Characteristics 

The  over-all  frequency  range  of  the  ChISS-1954  station  extends 
from  1.5  to  40  cps.  It  Is  divided  into  four  ranges  of  roughly  an  octave 
each,  corresponding  to  the  four  filter  channels  of  the  station:  the 
first  channel  covers  1.5  to  4  cps,  the  second  4.5  to  9  cps,  the  third 
10  to  20  cps,  and  the  fourth  20  to  40  cps.  In  addition,  there  is  a 
fifth  broad  band  channel  which  comprehends  the  entire  working  range  of 


Pig.  74.  Frequency  characteristics 
of  amplifier-galvanometer  channel. 

1-4)  Numbers  of  channels. 

the  station.  The  frequency  curves  for  the  ChISS  station  were  taken 
separately  for  two  sections  of  the  channel.  For  the  seismic  transducer, 
or  for  the  transducer  with  integrating  circuit,  they  were  determined 
by  means  of  a  vibration  platform;  they  have  been  given  before  in  Fig. 
69.  The  characteristics  of  the  remaining  channel  section  (amplifier- 
galvanometer)  were  determined  with  the  aid  of  a  special  electrical  gen¬ 
erator  of  seismic  frequencies.  These  curves  are  shown  in  Fig.  74. 

Under  field  conditions,  the  frequency  characteristics  of  the  amp¬ 
lifier-galvanometer  channel  sections  were  regularly  monitored  as  fol¬ 
lows.  At  the  beginning  and  end  of  each  seismogram,  a  generator  furnish- 


ins  constant-amplitude  (voltage)  electrical  Glgna3'.i  (MGPA)  with  an  in¬ 
tegrating  circuit  was  connected  to  the  input  of  the  ampllf ier-galvanom- 
eter  system  in  place  of  the  seismic  transducer.  The  frequency  of  the 
signals  was  varied  continuously  from  oo  to  1/2  cps,  while  the  absolute 
value  (in  microvolts)  of  the  signal  was  known.  This  signal  was  re¬ 
corded  by  all  channels  on  the  seismogram.  On  the  basis  of  the  result¬ 
ing  record,  the  relationship  between  the  signal  amplitude  on  the  record 
and  the  voltage  in  microvolts  at  the  input  was  established  for  each 
trace,  and  for  any  frequency  in  the  range  under  investigation. 

The  magnitude  of  the  emf  per  unit  ground  displacement  for  the 
various  frequencies  is  known  from  the  seismic -transducer  characteris¬ 
tic.  The  record  of  the  monitoring-generator  signals  furnished  the  amp¬ 
litude  corresponding  to  a  specific  signal  in  microvolts  applied  to  the 
input  of  the  amplifier-galvanometer  system.  These  data  served  as  the 
basis  for  determining  the  parameters  of  ground  vibration  for  any  known 
frequency. 

The  sensitivity  of  the  ChISS  station  is  limited  by  the  internal 
noise  level  (electrical  fluctuations)  of  the  amplifiers;  with  a  FU  pre¬ 
amplifier  using  a  6F5  tube,  and  the  passband  selected,  the  level  was 
equivalent  to  an  electrical  signal  with  an  amplitude  of  0.1  p.v  appear¬ 
ing  at  the  input  of  the  PU.  On  the  basis  of  the  permissible  measure¬ 
ment  error  of  10#,  the  minimum  useful  signal  from  the  seismic  trans¬ 
ducer  should  equal  1  nv.  It  follows  from  the  seismic -transducer  fre¬ 
quency  curve  that  a  signal  having  amplitude  of  1  pv  at  a  frequency  of 
1  cps  will  appear  for  a  ground  displacement  of  roughly  0.01  micron.  At 
a  frequency  f  *  10  cps,  the  signal  from  the  seismic  transducer  will  be 
ten  times  greater  than  the  signal  at  f  =*  1  cps  for  the  same  ground  dis¬ 
placement  (seismic  transducer  without  integrator).  Correspondingly, 
the  minimum  measured  displacement  at  f  »  10  cps  will  not  equal  0.01 
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micron,  but  0.001  micron,  etc. 

As  the  permissible  error  is  increased,  station  sensitivity  rises 
in  proportion.  Data  on  ChISS  sensitivity  to  displacement  for  various 
permissible  errors  are  shown  in  Table  10. 

TABLE  10 

Minimum  Ground-Displacement 
Amplitudes  Measurable  for  a 
Given  Error 


aoiiycTM- 
MSH  no- 
n*uBm*rrv. 
% 

2cwtiueuim  (.  Ur’  cm)  m  «k-imk  (■  in) 
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10 

10 
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3.3 
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0.33 

20 

5 

1.6 

0,5 

0,16 

50 

2 

O.S 

0.2 

0.06 

1)  Permissible  error,  $6;  2) 

displacements  (in  10"^  cm)  at 
frequency  (in  cps). 

Station  velocity  sensitivity  in  recording  without  an  integrator 
is  frequency-independent.  For  a  lOjt  permissible  error,  the  minimum  use¬ 
ful  signal  equals  6.28-10-^  cm/sec,  and  at  50jC,  1.25*  10"^  cm/sec. 

The  maximum  useful  station  amplification  is  determined  by  the  ym-  ; 
tio  of  the  amplitude  on  the  record  to  the  amplitude  of  ground  vibra¬ 
tions.  Remembering  that  an  amplitude  no  smaller  than  1  mm  can  be  read 
from  a  seismogram  with  a  10 £  error,  we  find  that  the  maximum  possible 
over-all  magnification  for  a  channel  of  a  ChISS  station  will  be 
at  a  frequency  of  1  cps,  V  =  1  ranv/0.01  p  «  10-* 
at  a  frequency  of  10  cps,  V  =  1  mm/0.001  p  *  10^,  ete. 

With  this  magnification,  an  electrical-noise  level  equal  to  0.1  of  the 
useful  signal  will  equal  0.1  mm  on  the  record,  l.e.,  it  will  In  pme*  .. 
tics  stay  within  the  thickness  of  the  light -traoe  line  (0.13  mm).  "  ; 

There  are  other  noise  sources  in  addition  to  internal  eleetrioal 
noise;  they  limit  the  maximum  useful  magnification  of  the  apparatus. 
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In  earthquake  recording,  this  type  of  noise  primarily  includes  micro- 
seisms.  In  the  majority  of  cases,  it  i3  the  microseism  level,  rather 
than  electrical  fluctuations,  that  determines  the  working  magnification 
of  a  station.  In  practice,  most  of  the  observations  with  the  ChISS  sta¬ 
tion  in  1955-1956  were  carried  out  at  magnifications  (arbitrarily  re¬ 
ferred  to  1  cps)  equal  to  17,000,  25,000,  and  50,000. 


Pig.  75.  Absolute  magnification 
of  ChISS -195^  station.  I-IV) 

Number  of  selected  channels; 

V)  broad  band  channel;  a^,  b-^) 

for  sensitivity  of  amplifier- 
galvanometer  channels  of  10  mm 
on  the  record  for  a  voltage 
across  the  seismic-transducer 
terminals  of  20  p.v;  ag,  bg) 

the  same,  for  40  p.v;  a^»  ^3) 

for  60  p,v;  aghp,  b8hp)  for 

1000  ilv. 

Figure  75  shows  absolute  curves  of  effective  station  magnification 
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for  these  three  values  of  amplif ier-galvanometer-circuit  gain  and  for 
the  single  broadband  channel.  The  curves  b  correspond  to  operation 
without  the  integrating  circuit,  for  which  the  amplitude  on  the  record 
is  proportional  to  the  velocity  of  ground  displacement;  for  curves  a, 
the  integrating  circuit  is  in  use,  and  the  amplitude  on  the  record  is 
proportional *to  displacement.  • 

§5.  OBSERVATION  METHOD  AND  TREATMENT  OF  DATA  FROM  ChISS 

The  investigation  of  earthquake  frequency  spectra  using  the  ChlSS- 
1954  station  is  the  first  work  of  this  type  carried  out  by  means  of  a 
specialized  fixed  installation.  This  work  was  experimental  in  nature, 
and  was  carried  out  in  order  to  evaluate  the  potential  of  the  given 
equipment  in  studying  spectral  composition  and  measuring  the  dynamic 
characteristics  of  ground  vibrations  (displacements,  velocities,  and 
accelerations)  during  earthquakes .  The  fact  that  only  a  single  ChISS 
station  was  in  existence  at  the  time  placed  a  substantial  limitation 
upon  the  potential  of  the  investigation.  Nonetheless,  an  attempt  was 
made,  on  the  basis  of  the  materials  obtained,  to  evaluate,  albeit 
qualitatively,  the  general  picture  of  the  variation  in  vibration  fre¬ 
quency  compositions  during  earthquakes  as  a  function  of  the  location 
and  depth  of  focal  zones,  and  of  the  earthquake  energy  and  epicentral 
distances.  The  absolute  values  of  the  three  kinematic  magnitudes  (dis¬ 
placements,  velocities,  and  accelerations)  were  also  determined  for 
perceptible  earthquakes. 

Method  of  Observation 

Generally  speaking,  the  method  of  observation  used  to  solve  the 
problems  mentioned  should  have  been  based  upon  simultaneous  recording 
of  earthquakes  by  several  stations  of  the  ChISS  type,  located  at  vari¬ 
ous  points  in  the  zone  being  investigated.  Owing  to  the  fact  that  only 
a  single  station  of  this  type  was  available,  however,  protracted  ob- 


servations  were  carried  cut  in  turn  at  ti/c  points:  at  the  Garra  geo¬ 
physical  station  (from  1  January  to  17  July  1955)  and  at  the  Chusal 
station  (from  1  January  to  1  July  195^).  Both  of  these  stations,  located 
40  km  apart,  are  founded  upon  Paleozoic  bedrock  outcroppings,  which  to 
some  degree  equalizes  the  conditions  at  the  observation  points. 

Round-the-clock  observations  were  carried  out  at  both  points  both 
with  and  without  an  integrating  circuit,  i.e.,  both  the  displacements 
and  velocities  of  ground  vibrations  were  recorded. 

The  absolute  magnifications  were  chosen  on  the  basis  of  prelim¬ 
inary  measurements  of  microseisms;  the  microseism  level  was  greatest 
at  the  low  frequencies  of  the  working  range.  Noise  amplitude  on  the 
record  sometimes  reached  0.3  mm  at  a  frequency  f  =  1-2  cps  (first 
trace)  for  a  magnification  of  V  =  50,000.  This  also  limited  the  useful 
sensitivity  of  the  equipment.  The  most  favorable  conditions  for  realiz¬ 
ing  the  possible  useful  magnification  of  the  equipment  occurred  In 
velocity  recording,  i.e.,  in  operation  without  the  integrating  circuit, 
where  the  magnification  rises  in  proportion  to  the  frequency.  The  pos¬ 
sibility  of  Increased  magnification  at  high  frequencies  is  explained 
by  the  fact  that  the  microseism  level  within  the  frequency  band  under 
consideration,  as  was  shown  experimentally,  drops  off  rapidly  as  the 
frequency  rises  (more  rapidly  than  l/f).  In  this  connection,  for  veloc¬ 
ity  recording,  the  maximum  equipment  magnification  ranged  from  50,000 
at  f  =  1  cps  to  2,000,000  at  f  =  40  cps. 

Method  of  Processing 

The  method  of  processing  the  observations  consisted  in  construct¬ 
ing  individual  seismic-wave  spectra,  and  generalizing  them  further.’ 

First,  vibrations  corresponding  to  individual  waves  were  Isolated 
on  the  seismographs,  and  the  arrivals  of  Identical  waves  were  Identi¬ 
fied  on  all  traces.  Next,  the  vibration  period  and  maximum  amplitude 
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were  measured  on  all  traces  in  the  region  Including  the  arrival  and 
maximum  amplitude  of  the  wave.  The  reference -signal  recording  was  used 
as  the  basis  for  a  determination  of  the  soil-vibration  amplitude,  in 
absolute  or  relative  units.  The  measured  amplitude  and  frequency  values 
were  plotted  on  a  graph  of  A  =  A(f),  which  also  represented  the  so- 
called  individual  wave  spectrum.  This  graph  gives  a  general  idea  of 
the  amplitude-distribution  features  in  the  frequency  range  under  in¬ 
vestigation  (1.5-30  cps ) • 

In  operation  with  the  integrator,  the  amplitude  on  the  record  is 
proportional  to  the  ground  displacement,  and  the  individual  spectrum 
plotted  correspondingly  is  a  displacement  spectrum.  The  spectrum  con¬ 
structed  from  observations  without  the  Integrator  is  a  velocity  spec¬ 
trum.  Henceforth,  we  shall  basically  be  concerned  with  the  displace¬ 
ment  spectra. 

One  of  the  basic  characteristics  of  the  individual  spectrum  for  a 
particular  wave  is  the  dominant  frequency  fpr,  which  corresponds  ap¬ 
proximately  to  the  maximum  on  the  spectral  curve  A(f).  A  comparison  of 
the  spectra  was  carried  out  In  order  to  generalize  the  observations; 
it  was  basically  the  dominant -frequency  values  that  were  compared.  For 
cases  in  which  the  dominant  frequency  could  not  be  clearly  distinguished 
from  the  graph,  it  was  taken  as  the  geometric  mean  of  the  frequencies 
at  the  amplitude  level  wv*.  where  Amax  is  the  maximum  amplitude 
of  the  spectrum  curve. 

The  individual  spectra  were  constructed  for  earthquakes  having 
known  focal  coordinates,  with  data  obtained  from  expedition  bulletins 
for  weak,  near-by  earthquakes,  and  from  bulletins  of  the  seismic- 
station  network  of  the  USSR  for  more  remote  earthquakes.  The  spectra 
were  constructed  chiefly  for  longitudinal  and  transverse  waves.  For 

earthquakes  with  small  epicentral  distances  A  <  150  Ira,  as  a  rule, 

*43 


these  were  the  T  and  5  waves  (according  to  the  terminology  employed  in 
"large-scale"  seismology);  for  the  deep  Afghan  earthquakes,  they  were 
the  "direct"  P  and  S  waves;  for  earthquakes  having  foci  in  the  earth's 
crust  at  L  >  150-200  km,  where  diffracted  waves  appear  on  the  records, 
the  spectra  were  normally  constructed  for  the  most  intense  waves,  and 
in  isolated  cases,  for  several  waves. 

§6.  RESULTS  OF  INVESTIGATION  OF  VIBRATION  FREQUENCIES  FOR  EARTHQUAKES 
WITH  THE  AID  OF  ChISS 

Frequency  Spectra  for  Earthquakes  from  Different  Focal  Zones 

As  a  result  of  the  processing  of  the  1955-1956  materials,  300  in¬ 
dividual  earthquake  spectra  were  constructed:  175  from  observations 
made  with  the  ChISS  station  at  Garm,  and  125  with  the  ChISS  station  at 
Chusal.  Most  of  the  spectra  constructed  relate  to  earthquakes  In  the 
Garm  region  and  the  Pamir-Hindu  Kush  zone,  and  some  to  earthquakes  in 
the  Fergana  Valley,  Southern  Tadzhikistan,  and  Central  Tien  Shan.  The 
epicenters  of  the  earthquakes  for  which  the  displacement  spectra  were 
constructed  are  plotted  on  the  map  of  Fig.  76. 

The  dominant  frequencies  fpp  in  the  Individual  spectra  for  all 
earthquakes  were  divided  Into  four  groups:  l)  f  <  3  cps,  2)  3  cps  < 

<  fpr  >  6  cps,  3)  6  cps  <  fpz,  <  12  cps,  and  4)  fpp  >  12  cps.  Figures 
77-78  show  examples  of  the  individual  displacement  spectra  and  the 
seismograms  corresponding  to  them.  Individual  larger-scale  maps  have 
been  plotted  for  earthquakes  in  the  Garm  region,  from  observations 
with  the  ChISS  station  at  Garm  (Fig.  79a)  and  with  the  ChISS  station 
at  Chusal  (Fig.  79b). 

It  is  easily  seen  from  the  charts  given  that  there  are  noticeable 
deviations  for  the  various  focal  zones,  against  the  background  of  a 
general  decrease  in  the  dominant  frequencies  with  increasing  eplcen- 
tral  distance.  Three  basic  zones  having  characteristic  earthquake  fre- 
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quency -spectrum  features  may  be  distinguished:  1)  a  zone  of  deep  Hindu 
Kush  earthquakes  (80  <  H  <  300  km);  2)  the  Tovll'-Dora  zone  and  3)  the 
earthquake  district  of  the  Chusal  station. 

The  deep  Pamir-Hindu  Kush  earthquakes  are  characterized  by  rela¬ 
tively  high  dominant  frequencies.  The  epi-  and  hypocentral  distances 
for  these  earthquakes  from  the  Garm  station  range  from  200  to  300  km. 

At  such  eplcentral  distances,  earthquakes  with  foci  in  the  earth’s 
crust  have  dominant  frequencies,  as  a  rule,  of  less  than  2-3  cps, 
while  for  deep  earthquakes,  this  frequency  basically  ranges  from  6-10 
cps,  and  drops  below  only  in  isolated  cases. 

Especially  low-frequency  spectra  predominate  for  earthquakes  of 
the  Tovil'-Dora  district,  having  foci  in  the  earth's  crust;  this  may 
be  seen  clearly  from  Fig.  79a.  For  eplcentral  distances  of  30-50  tan, 
frequencies  of  f  <  3  cps  are  dominant  in  the  earthquake  spectra  of 
this  zone.  For  other  shallow-focus  earthquake  districts,  the  dominant 
frequencies  basically  range  from  6  to  12  cps  at  these  eplcentral  dis¬ 
tances. 

Earthquakes  in  the  region  of  the  Chusal  station  are  characterized 
by  higher  dominant  frequencies  of  10-14  cps. 

The  features  of  frequency  spectra  for  earthquakes  having  different 
focal  zones  may  be  associated  both  with  the  conditions  under  which  the 
earthquakes  appear,  and  with  the  seismic-wave  propagation  conditions 
along  the  path  from  the  focus  to  the  point  of  observation.  For  deep 
earthquakes,  characterized  by  relatively  high  dominant  frequencies, 
the  elastic  waves  propagate  basically  in  the  layer  beneath  the  crust, 
where  the  high  frequencies  are  considerably  less  subject  to  absorption 
than  in  the  earth's  crust.  The  foci  of  the  Tovil'-Dora  earthquakes, 
characterized  by  especaally  low  frequencies,  are  located  in  the  earth's 
crust,  basically  at  shallow  depths  and  mostly  in  sedimentary  rock. 
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Fig.  77.  Examples  of  displacement  spectra  for  various 
earthquakes  from  seismograms  obtained  from  Garm  ChlSS. 
a)  Earthquake  of  12  January  1955;  focus  coordinates:  <p  * 

=  39°07 '  N;  X  =  70°23 '  E;  h  =  10  km.  tp  =  22  hr  33  min 

17.4  sec.  tfl  -  tp  =  2  sec;  b)  earthquake  of  2  February 

1959*  epicenter  in  Fergana  Valley,  <p  =  4o°.7  N;  X  = 

=  726.7.  tp  «  21  hr  26  min  3^  sec.  t0  —  tp  =  37-95  sec; 

c)  earthquake  of  3  February  1955-  Focus  coordinates: 

<P  =  37°- 9  N;  X  =  72°. 1  E;  h  =  200  km;  tp  =  22  hr  30  min 

18  sec;  tfi  -  tp  =  29.5  sec.  Solid  line  -  longitudinal  P 

waves;  dashed  line  —  transverse  S  waves. 

tures  associated  with  the  territorial  arrangement  of  foci,  may  be 

quite  considerable,  which  complicates  the  study  of  other  general  fac¬ 


tors  affecting  the  general  composition  of  seismic  shocks.  Thus,  In  the 
general  study  of  earthquake  spectral  peculiarities,  it  is  first  of  all 
necessary  to  isolate  spectral  variations  associated  with  features  of 
the  focal  zones.  When  an  estimate  is  made  of  the  nature  of  the  way  In 
which  spectral  composition  depends  upon  earthquake  energy  and  focal 
depth,  territorial  distortions  may  be  eliminated  in  practice  by  util¬ 
izing  earthquakes  from  narrow  local  eplcentral  zones. 

The  anomalous  spectral  peculiarities  of  individual  focal  zones, 
which  are  obstacles  to  the  study  of  general  laws,  at  the  same  time  are 
of  independent  interest.  A  study  of  the  connection  of  these  anomalies 
with  the  conditions  for  the  appearance  of  earthquakes  and  the  propaga- 


Pig*  79*  Map  showing  distribution  of  earthquake 
dominant  frequencies,  a)  Prom  observations  of  Qarm 
ChISS  station;  b)  Chusal  ChlSS.  h)  Depth  of  focus. 
1)  Obi-Qarm;  2)  Vakhsh;  3)  Obikhinyuu;  4)  Garm;  5) 
Yaldyraych;  6)  Yangalyn;  7}  Tovil'-Dora;  8)  Surkhob; 
9)  Chusal;  10)  Nimichi;  11)  Ishtion;  12)  Dzhlr- 
gatal ' ;  13)  Shakllsy. 


tlon  of  elastic  waves  may  be  used.  In  particular,  for  contouring  of  in¬ 
dividual  tectonic  zones. 
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Vibration  Frequencies  as  a  Func t ion  or  Depth  of  Focus 


Attempts  to  find  such  a  relationship  have  been  made  from  deter¬ 
minations  of  the  dominant  frequencies  f  for  weak  (K  =  4-5)  earth¬ 
quakes  of  the  Chusal  epicentral  zone  for  focal  depths  h  ranging  basic- 
2  3  *  s  s  io  a  20  (. t>t  ally  from  2-5  km  to  10  km  (h  =  20  km  in 

s.  da*  one  case),  and  for  earthquakes  of  the 

08 

ml  SS$  Pamir -Hindu  Kush  zone  with  K  =  11-12, 

'4  and  a  focal  depth  h  ranging  from  80  to 

a  °  -  240  lorn*  Figures  80a  and  b  show  charts  of 

- * — ^ — f  f  '>  f  as  a  function  of  h  for  earthquakes  of 

50  ■ 

3:  o°0  both  zones* 

2jg.  °  o  o  Judging  from  these  graphs,  f  does 

jar 

htm  bs  not  appear  to  depend  noticeably  upon  h 

Fig.  80.  Dominant  fre-  in  either  case.  It  is  probable  that  this 

quencles  as  a  function  of 

depth  of  focus,  a)  For  negative  result  is  associated  with  the 

earthquakes  in  the  Chusal 

zone;  b)  Pamir-Hindu  Kush  inadequate  precision  with  which  the  com- 
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Fig.  80.  Dominant  fre-  in  either  case.  It  is  probable  that  this 

quencles  as  a  function  of 

depth  of  focus,  a)  For  negative  result  is  associated  with  the 

earthquakes  in  the  Chusal 

zone;  b)  Pamir-Hindu  Kush  inadequate  precision  with  which  the  corn- 
earthquakes. 

pared  values  of  f  and  h  are  determined. 

A  well-defined  relationship  between  seismic -vibration  frequencies 
and  depth  of  focus  was  noted  only  for  the  case  in  which  there  was  a 
qualitative  variation  in  the  properties  of  the  medium  containing  the 
earthquake  foci  together  with  a  variation  in  focal  depth.  Thus,  for 
example,  in  the  region  of  low-frequency  earthquakes  for  the  Tovil'- 
Dora  district,  an  earthquake  was  detected  that  had  an  anomalous  high- 
frequency  spectrum;  the  depth  of  focus  for  this  earthquake  equaled  23 
km.  Clearly,  in  contrast  to  most  of  the  earthquakes  in  the  Tovll'-Dora 
district,  whose  foci  were  located  in  a  sedimentary  stratum,  the  focus 
of  this  earthquake  was  located  in  a  crystalline  layer. 

The  same  pattern  is  observed  for  Afghan  earthquakes  for  which  the 


f ocus  lies  outside  of  the  earth's  crust,  under  the  Mohorovioic  discon- 


tinuity.  For  earthquakes  of  this  district  having  foci  within  the 
earth's  crust,  the  dominant  frequencies,  as  a  rule,  are  less  than  3 
cps,  while  for  deep  foci,  as  a  rule,  they  exceed  6  cps. 

Vibration  Frequencies  as  a  Function  of  Earthquake  Force 

The  relationship  between  the  dominant  frequency  f  ,  correspond¬ 
ing  to  the  maximum  ground  displacement  xJnax  in  an  S  wave,  and  the 
quantity  xtHn¥  itself,  has  been  investigated,  using  investigations  of 
earthquakes  in  the  local  Chusal  zone.  For  this  purpose,  50  earthquakes 

were  selected  for  which  t_  —  t_  amounted  to  2-2.5  sec  at  the  Chusal  . 

s  p 

ChISS  station.  The  dominant  frequencies  f  were  determined  on  the  basis 
of  displacement  spectra  constructed  for  these  earthquakes. 


Fig.  8l.  Dominant  frequencies  f  as  a 
function  of  maximum  displacements 
xwiny  in  epicentral  district.  1)  Dom¬ 
inant  frequencies  in  displacements 
from  observations  of  ChISS  station 
(Chusal);  2)  average  values  of  dom¬ 
inant  frequencies  (from  data  of  the 
same  station);  3)  frequency  from  ob¬ 
servations  of  displacement  meter 
(data  for  strong  earthquakes  in  the 
USA  during  1952;;  4)  displacement 
frequencies  corresponding  to  maximum 
accelerations  (data  the  same  as  for  3). 
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The  maximum  ground  displacements  for  the  earthquakes  observed 
here  varied  from  10  microns  to  0.C1  micron,  corresponding  to  weak  and 
very  weak  earthquakes.  In  order  to  evaluate  the  way  in  which  the  dom¬ 
inant  frequency  f  depends  upon  vibration  amplitude  in  the  epicentral 
zone  over  a  wider  dynamic  range,  including  strong  earthquakes,  results 
of  displacement  measurements  for  perceptible  and  destructive  earth¬ 
quakes,  taken  from  sources  in  the  literature  [15H  were  brought  in. 

Here  only  observations  for  very  close  earthquakes  were  selected. 

On  the  basis  of  this  data,  a  summary  graph  was  also  compiled  for 
the  desired  function  xmny  =  x(f),  which  is  shown  in  Pig.  8l.  This 
graph  is  drawn  in  double  logarithmic  coordinates.  The  maximum  ground 
displacements  x^^  are  plotted  along  the  vertical  axis  in  microns,  and 
the  corresponding  displacement  frequencies  f  along  the  horizontal  axis 
in  cycles  per  second. 

As  the  graph  shows,  for  strong  earthquakes  the  variation  in  dom¬ 
inant  frequencies  with  a  change  in  maximum  displacements  at  the  epi¬ 
central  zone  Is  considerably  more  noticeable  than  with  weak  earthquakes. 
The  straight  segments  of  the  broken  average  line  on  this  graph  corres¬ 
pond  to  the  following  indices:  in  the  region  of  very  weak  earthquakes, 
for  eplcentral-zone  displacements  of  from  0.01  to  3  microns,  the  fre¬ 
quencies  range  from  20  to  11  cps,  with  the  approximate  proportion  x  * 

*  f“  holding;  for  stronger  earthquakes  with  displacements  in  the  epi¬ 
central  zone  ranging  from  3*0  to  500  microns,  the  dominant  frequencies 
range  roughly  from  11  to  3  cps,  and  the  line  has  a  slope  corresponding 

_2i 

to  roughly  x  *  f  .  For  destructive  earthquakes,  where  the  displace¬ 
ments  in  the  epicentral  zone  range  from  500  microns  to  10  mm,  and  the 
dominant  frequencies  from  3  to  0.5  cps,  the  function  x  *  f2  is  ob¬ 
served  to  hold. 

There  is  a  very  large  scatter  of  the  points  in  the  lower  section 
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Pig.  82.  Dominant  frequencies 
as  a  function  of  epicentral 
distance,  a)  For  different 
foci;  b)  for  foci  lying  on  pro¬ 
file  along  structure  in  South 
Tien  Shan.  1)  Deep-focus  Pamir - 
Hindu  Kush  earthquakes;  2) 
earthquakes  from  Tovil'-Dora 
district;  3)  other  earthquakes 
in  Central  Asia;  the  hatched 
region  corresponds  to  area  In 
which  low-frequency  portion  of 
the  spectrum  is  not  determined 
reliably. 

of  the  graph  of  Fig.  81  for  the  region  of  very  weak  earthquakes,  where 
the  number  of  observations  is  quite  large.  This  is  evidence  for  the 
instability  of  the  dominant  frequency  for  earthquakes  of  roughly  the 
same  force,  at  least  in  this  region. 

Vibration  Frequencies  as  a  Function  of  Epicentral  Distance 

Xt  Is  known  that  distant  earthquakes,  as  a  rule,  are  characterised 
by  lower  dominant  frequencies  than  near  earthquakes,  and  that  this  la 
associated  with  the  greater  absorption  of  high  frequencies  upon  propa¬ 
gation  of  elastic  waves  through  actual  media.  The  nature  of  the  varla- 
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tion  in  seismic-wave  frequency  spectra  as  a  .function  of  distance  has 
so  far  been  little  investigated,  however.  The  difficulty  lies  in  the 
fact  that  the  earthquake  spectra  depend  not  only  upon  distance,  but 
also  upon  the  conditions  in  the  focus;  in  addition,  as  has  been  indi¬ 
cated  above,  the  territorial  distribution  of  focal  zones  has  a  large 
effect  upon  spectrum  formation,  as  do  differences  in  conditions  along 
the  seismic-wave  propagation  paths. 

Figure  82a  shows  a  chart  for  the  dominant  frequencies  f  of 
transverse  waves  as  a  function  of  the  epicentral  distance  a;  the  graph 
is  plotted  from  observations  of  the  Garm  station,  with  no  allowance 
for  the  force  or  territorial  distribution  of  foci  (transverse  waves 
are  characterized  by  maximum  intensity  on  the  seismogram).  Two  anoma¬ 
lous  regions  are  clearly  distinguishable  on  the  chart,  corresponding 
to  the  foci  of  low-frequency  Tovil'-Dora  earthquakes  and  the  high- 
frequency,  relatively  distant  deep  (h  >  60  km)  Pamir-Hindu  Kush  earth¬ 
quakes.  In  order  to  determine  the  nature  of  the  frequency  spectrum  vs. 
distance  function,  these  two  groups  of  earthquakes  were  excluded  from 
consideration.  The  remaining  points  were  approximated  by  means  of  two 
lines  as  shown  on  the  graph.  The  first  line,  corresponding  to  small 
values  of  A  characterize  the  variation  in  the  spectrum  with  distance 
for  direct  waves  propagating  basically  in  a  "granite"  stratum;  the  sec¬ 
ond  line,  corresponding  to  epicentral  distances  ranging  from  100  to 
400  km  are  clearly  associated  with  the  appearance  on  the  records  of 
waves  propagating  in  deeper  layers.  The  exclusion  of  the  basic  anoma¬ 
lous  focal  zones  from  consideration,  however,  does  not  completely  elim¬ 
inate  the  effect  upon  the  frequency  spectra  of  the  territorial  focal 
distribution. 

An  atteapt  has  been  made  at  a  more  rigorous  approach  to  finding 
the  relationship  between  the  dominant  frequency  and  distance,  by  the. 
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possible  elimination  of  the  effect  of  irrelevant  factors.  To  do  this, 
earthquake  records  where  chosen  for  foci  located  along  one  direction 
only:  to  the  east-north-east  of  Garm  (line  AB  on  Fig.  76).  In  this 
case,  seismic  waves  propagated  from  the  earthquake  foci  to  the  observa¬ 
tion  point  under  relatively  uniform  conditions,  along  the  south  Tien 
Shan  structure.  We  considered  relatively  distant  earthquakes  to  be 
precisely  those  whose  epicenters  lay  within  a  band  of  about  100  km 
width  along  the  direction  selected.  Earthquakes  located  south  of  the 
Surkhob  River  were  excluded  from  the  near-by  earthquakes  of  the  Garm 
region.  In  order  to  eliminate  the  influence  of  shock  intensity,  only 
earthquakes  of  about  the  same  energy  were  considered:  classes  K  =  10-11 
(class  IV  according  to  Bune  [152]).  As  an  exception,  several  weaker 
earthquakes  were  investigated  (class  III  according  to  Bune)  from  the 
Chusal  group;  an  appropriate  correction  to  the  dominant  frequency  was 
introduced  in  these  cases,  however,  on  the  basis  of  a  curve  for  the 
dominant  frequency  as  a  function  of  earthquake  intensity. 

The  graph  constructed  as  a  result  for  the  function  f(A)  is  shown 
in  Fig.  82b.  On  this  drawing,  the  average  line,  corresponding  to  small 
epicentral  distances  A  <  150-200  km,  has  a  lower  slope  than  the  pre¬ 
ceding  line  (Fig.  82a).  This  is  connected  with  the  fact  that  weak 
near-by  earthquakes  are  excluded  in  this  case;  they  are  characterized 
by  especially  high  vibration  frequencies.  It  should  be  noted,  that  ow¬ 
ing  to  the  insufficient  number  of  observations,  the  slope  of  both 
lines  of  this  graph  is  not  determined  with  certainty. 

Relationship  of  Frequencies  of  Longitudinal  and  Transverse  Waves  for 
different  Eiplcentrai  Mstances 

A  comparison  of  the  spectral  curves  for  longitudinal  P  and  trans¬ 
verse  S  waves  for  foci  located  at  various  distances  from  the  station 
shows  that  the  ratio  of  the  dominant  vibration  frequencies  fp  and  f# 


-  *55 


for  these  waves  is  not  constant,  but  varies  noticeably  with  the  epleen- 

tral  distance  A.  In  order  to  find  the  nature  of  the  variation  in  the 

ratio  fp/fs  with  the  distance  A,  the  spectra  for  the  P  and  S  waves 

were  determined  for  50  earthquakes  having  epicentral  distances  ranging 

from  5  to  400  km.  As  a  result  of  averaging  the  values  for  f p/fg  for 

four  intervals  of  A  (5-20  km,  20-60  km,  60-180  km,  and  180-400  km), 

corresponding  values  were  obtained  for  f  /f  of  1.10,  1.19,  1.43,  and 

P  S 

1.84. 


Pig*  83.  Records  of  perceptible  earthquakes 
for  Chusal  ChISS  station,  a-b)  (see  Table 
11).  1)  Chusal  ChISS  station,  23  May  1956. 


There  is  a  large  scatter  of  points  within  the  averaged  values  for 
individual  intervals.  It  may  be  seen  that  in  some  cases,  this  spread 
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was  caused  by  the  characteristic  features  of  the  territorial  focal- 
zone  arrangement  with  respect  to  the  observation  station.  Thus,  for 
example,  the  Tovil'-Dora  district  focus  group  was  characterized  by  a 
large  value  of  the  ratio  f^f#,  characteristic  of  more  distant  earth¬ 
quakes. 

Absolute  Displacement,  Velocity,  and  Acceleration  SDectra  for  Per- 
.coptJ.bT?  >!Kj’tKc.natces 

In  1956,  the  Ch.vJS  station  (at  Chusal)  registered  local  earth¬ 
quakes  (Pig.  63)  which  were  perceived  in  the  station  area  as  of  inten¬ 
sity  4  !3 ;  they  were  accompanied  by  breaking  of  glass,  ringing  of  dishes. 
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TABLE  11 

Values  of  Maximum  Amplitudes  for  Displacement  x^, 

Velocity  an<J  Accelerations  xmay,  and  Their 

Dominant  Frequencies  f  for  Weak  Perceptible  Earth¬ 
quakes  .In  Chunal  in  1956 
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l)  Date,  perceptibility  at  epicenter;  2)  displacement;  3)  velocity;  4) 
acceleration;  a)  25  May  1956,  Pt  16  hr  28  min  20  sec.  S-P  «  l.f  see. 
Weak  shock  perceptible  only  as  a  rumble;  b)  23  May  1956,  Pi  15  hr  37 
min  17  sec.  S-P  «  1.9  sec.  Rumble  from  Khayt,  Imperceptible;  e)  12  May 
1956,  Pi  12  hr  10  min  54  sec.  S-P  -3.4  sec.  Rumble,  imperceptible;  d) 
14  May  1956,  Pi  15  hr  37  min  05  sec.  S-P  -  2.1  sec.  Perceptible  earth 
tremor  with  rumble. 
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Fig.  84.  Spectra  for  displacements  x,  veloc¬ 
ities  x,  and  accelerations  x  for  perceptible 
earthquakes  according  to  seismograms  of  ChXSS 
(Chusal).  a-d)  (see  Table  11).  Solid  lines  — 
for  longitudinal  waves;  dashed  line  —  for 
transverse  waves.  Logarithmic  scales  used. 

and  rumbling  of  various  Intensities.  It  Is  Interesting  to  compare  the 
results  of  a  quantitative  measurement  for  the  absolute  values  and  spec¬ 
tral  features  for  the  displacements  x,  velocities  x,  and  accelerations 
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x  for  these  earthquakes  with  the  intensity  determinations  carried  out, 

as  is  usual,  by  means  of  descriptive  qualitative  Indices. 

To  do  this,  individual  spectra  were  constructed  for  the  given 

earthquakes;  they  are  shown  in  Pig.  84a-d.  Here,  the  frequency  f  is 

plotted  along  the  horizontal  axis  in  cycles  per  second,  and  the  values 
•  •• 

of  x,  x,  and  x  along  the  vertical  axis  in  microns,  microns/sec,  and  • 

p 

microns/sec  ,  respectively.  The  scale  of  x  displacements  is  shifted 

•  •• 

upward  by  a  single  decade  with  respect  to  x  and  x.  Numerical  data  on 

•  •• 

the  extremum  values  for  x,  x,  and  x  are  given  in  Table  11.  Direct  re¬ 
cording  was  carried  out  for  velocities,  while  displacement  and  accel¬ 
eration  were  computed. 

The  featured  characteristic  of  the  spectra  for  the  perceptible 
earthquakes  is  the  increase  in  acceleration  toward  the  high-frequency 
end  of  the  range  under  investigation,  toward  20-30  cps  to  values  ex- 
ceeding  1000-4000  microns/sec2.  The  weakest  of  these  shocks  (a)  is 
characterized  by  the  following  maximum-acceleration  values:  1150 

p  p 

microns/sec  at  a  frequency  of  10  cps  for  S  waves  and  900  mlcrons/sec 
at  a  frequency  of  20  cps  for  P  waves  (Fig.  84a).  The  further  increase 
in  acceleration  for  the  P  wave  toward  the  audio  frequencies  beyond  the 
measurement  range  is  noteworthy.  The  strongest  of  these  shocks  (d), 
which  was  perceptible,  and  accompanied  by  audible  rumbling,  is  charac¬ 
terized  by  accelerations  in  the  P  and  S  waves  of  2240-2880  microns/sec2 
(0.22-0.29  gal).  The  absolute  values  of  ground  displacement  vary  from 
0.13  to  0.4  micron  at  frequencies  corresponding  to  the  maxiimun  values 
of  velocity  and  acceleration. 

On  the  basis  of  these  data,  the  conclusion  may  be  drawn  that  at 
frequencies  of  the  order  of  20  cps  and  above,  a  perceptible  effect  may 
be  caused  by  ground  oscillations  with  an  amplitude  equal  all-in-all  to 
only  0.1  micron,  which  corresponds  to  a  velocity  of  13  mlcrons/sec  and 
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an  acceleration  of  1600  mi .r-vvsf-c A  sei-mic  rum-.  :e  without  per¬ 
ceptible  mechanical  vibrations  is  observed  in  the  case  of  even 
higher  frequencies  for  deviations  of  less  than  0.1  micron. 
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Chapter  6 
EARTHQUAKE  FOCI 

An  earthquake  focus  is  defined  as  a  region  within  which  faulting 
and  intensive  inelastic  deformations  of  the  medium  occur,  leading  to 
the  earthquake.  Thus,  the  focal  region  is  defined  as  a  portion  of 
space  containing  both  the  basic  fault  causing  the  earthquake,  and  the 
secondary  faults  directly  associated  with  it  in  time,  and  the  rapid 
continuous  movements  of  the  medium  -  plastic  or  otherwise  —  that  are 
irreversible,  or  very  slowly  reversible.  The  portion  of  space  where 
the  deformation  is  continuous  and  chiefly  reversible  and  elastic  is 
considered  to  lie  outside  the  focus;  this  is  the  region  in  which  elas¬ 
tic  seismic  waves  propagate. 

The  focus  of  an  earthquake  may  either  lie  on  the  earth's  surface, 
as  in  the  case  of  several  strong  earthquakes,  or  lie  completely  under 
the  surface,  as  in  the  case  of  all  weak  earthquakes. 

As  of  the  present,  only  very  scanty  data  from  direct  measurements 
[86,  121,  153*  15*0  have  been  obtained  on  the  magnitude  of  disloca¬ 
tions  and  surface  faults  occurring  during  strong,  destructive  earth¬ 
quakes.  Direct  measurement  of  focal  dimensions  and  dislocations  Is 
clearly  impossible  for  weak  earthquakes.  Nonetheless,  it  is  Important 
to  know  the  order  of  these  magnitudes,  even  if  approximately,  and  the 
way  in  which  they  depend  upon  energy.  This  makes  it  possible  to  evalu¬ 
ate  the  role  of  weak  earthquakes  in  the  general  process  of  deformation 
of  the  earth's  crust,  and  permits  a  quantitative  comparison  of  seisale 
and  geodesic  observations  for  periods  in  which  only  relatively  weak 
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earthquakes  are  observed.  Seismic-wave  observations  make  it  possible 
to  evaluate  certain  important  properties  of  the  foci  for  weak  (as  well 
as  strong)  earthquakes  that  are  hidden  under  the  ground. 

At  the  beginning  of  the  present  chapter,  we  will  make  U3e  of 
various  methods  to  evaluate  focal  dimensions,  and  the  magnitude  of 
dislocations  within  foci,  depending  upon  earthquake  energy.  In  the 
first  section,  these  estimates  are  obtained  by  means  of  a  theoretical 
analysis  of  the  stress  fields  in  the  region  surrounding  the  focus,  be¬ 
fore  and  after  the  earthquake.  Here,  computational  methods  are  used  and 
improved  that  have  been  developed  in  the  theory  of  stress  concentra¬ 
tion.  In  the  second  section,  these  estimates  are  made  in  simpler 
fashion,  using  general  physical  concepts,  and  certain  empirically  es¬ 
tablished  laws. 

The  next  section  of  the  chapter  gives  results  of  a  determination 
of  the  so-called  dynamic  focal  parameters:  the  orientation  of  the 
fault  plane,  and  the  direction  of  focal  dislocations,  for  earthquakes 
in  the  Garm  region. 

§1.  EVALUATING  FOCAL  CHARACTERISTICS  ON  THE  BASIS  OF  STRESS  FIELDS 

By  carrying  out  a  theoretical  analysis  of  the  static-stress  fields 
within  the  earth  before  and  after  an  earthquake,  we  are  able  to  deter¬ 
mine  many  focal  characteristics.  The  results  thus  obtained  should  be 
connected  with  observations  on  the  basis  of  the  fact  that  the  differ¬ 
ence  in  energy  for  the  fields  considered  will  determine  the  energy  of 
the  seismic  waves  observed  with  an  accuracy  to  within  the  energy  ex¬ 
pended  on  irreversible  processes.  This  way  of  setting  up  the  problem 
was  proposed,  and  carried  out  with  great  success,  in  the  works  of  P. 
Bayerli  [155)  and  L.  Knopov  [124].  The  main  advantage  of  the  method 
lies  in  the  possibility  of  dispensing  with  the  complicated  investiga¬ 
tion  of  the  wave  excitation  process  in  faulting. 
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Knopov  considered  a  two -d linen sional  focal  model,  with  the  dis¬ 
placements  occurring  perpendicular  to  the  plane  in  which  the  solution 
is  sought}  this  problem  is  associated  with  the  study  of  strong  earth¬ 
quakes  having  a  horizontal  dislocation  in  the  focus.  In  the  present 
paragraph,  we  consider  a  three-dimensional  model  of  the  focus,  which 
may  be  of  interest  in  the  study  of  weak  earthquakes. 

Defining  the  Problem 

We  are  given  a  homogeneous  isotropic  ideally  elastic  space  with 
Lame  constants  X  and  p.  We  define  the  initial  homogeneous  stress  field 

*■  P‘\  t*,  s=  =  0;  >1  >■  9t »  9,  •  0,  (32) 

where  t  and  0  are,  with  the  appropriate  subscripts,  the  shear  and  nor¬ 
mal  stresses,  £  is  a  constant.  The  results  to  be  obtained  will  not  be 
affected  if  we  introduce  the  hydrostatic  pressure 

a,  =  o,  «  0,  m  —  P, 

where  P  is  a  constant.  The  stresses  (32)  correspond  to  a  displacement 

■«  ”  C,y.  »*  ”•  C*r,  ( 33  ) 

where  ux  is  the  displacement  component  along  the  x  axis,  C^,  Cg  are 
constants  (clearly,  +  Cg  =  P/p). 

Let  us  consider  the  ellipsoid 

■jr  +  p  +  p"1  (•<*).  (3*0 

In  the  elliptical  coordinates  u,  v,  w,  where 

*  “  ch  *•»!»»•  COS  ihs.MSe, 

(35) 

the  equation  (3*0  takes  the  form  u  *  uQ,  and  a/b  *  tanh  uQ. 

We  define  the  final  displacement  and  stress  field,  which  coin¬ 
cides  at  infinity  with  the  initial  field,  while  at  u  *  uQ,  the  condi¬ 
tion  tuv  -  tuw  -  au  »  0  is  satisfied,  we  find  the  following  quantities: 
the  stresses  0  and  1  in  the  final  field  ;  the  differences  6uy, 
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and  6uw  between  the  displacement  c-mpt-nents  in  the  initial  and  final 
fields;  the  difference  AE  in  the  energies  of  the  initial  and  final 
fields. 

In  using  the  results  obtained,  we  will  assume  that  (3^)  is  a 
model  of  the  focus,  and  that  the  final  state  was  produced  from  the  in¬ 
itial  state  as  a  result  of  the  earthquake  -  of  the  elirninatlcm  of  the 
stresses  at  the  focus  boundary.  In  this  case,  the  fault  plane  in  the 

pop 

focus  will  be  identical  with  the  circle  y  =  0,  x  +z  =  b  —  the  major 
section  of  the  ellipse.  The  ellipsoid  itself  Is  Identified  with  the 
zone  of  break-down  and  plastic  flow  which,  as  in  the  case  of  a  fault, 
may  relieve  the  shear  stresses.  At  a  =  C,  the  ellipsoid  (3^)  reduces- 
to  the  circle  mentioned  before.  It  is  desirable  to  consider  all  cases 
for  which  0  <  a  <  b. 

This  approach  to  the  problem  contains  two  basic  simplifications: 
first,  phenomena  associated  with  permanent  set  in  the  focal  zone  are 
neglected,  in  particular  the  fact  that  the  focal  boundary  may  not  be 
as  well-defined;  second,  it  is  assumed  that  the  stress  field  prior  to 
the  earthquake  is  homogeneous,  and  that  after  the  earthquake,  it  does 
not  vary  beyond  the  focus.  The  second  simplification  is  plausible  only 
for  earthquakes  that  are  not  very  strong,  and  that  are  not  of  the  sur¬ 
face  variety..  In  addition,  there  is  no  physical  reason  that  obliges  us 
to  assume  that  ou  =  0  and  u  =  uQ.  It  is  not  Impossible,  for  example, 
that  the  stress  ou  will  be  redistributed,  with  a  change  in  the  hydro¬ 
static  pressure  P.  There  is  still  no  point,  in  investigating  such  fine 
effects,  however. 

Stresses 

The  final  field  defined  above  has  been  examined  previously  [156]. 
Formulas  for  these  stresses  may  be  obtained  directly  from  the  formulas 
given  in  [156]  after  quite  simple  manipulations. 
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t».--£»hu-Mnp-sinw  +  p-£-£f.S  4-  (ch* u,  —  ^ sin  p •  sin w;  (jj0) 

- ^-ehu  c°.p..inw+  />x[*(lh,,~  rcbn)  +  28h«^^-j.  (4i) 


«  -  T  “  «reetg(»b«);  *  ~  +  /SFiT+eo^; 

5  =  Tsh  u  —  1;  f  *  3sh*ii#  + 1  ■}■  C  «*  — *  ”Tir^* 

N  —  q  (T  ch*«.  —  shn, )  —  2  *h  «*. 

In  Formulas  (36)-(4l),  the  terms  outside  the 
brackets  correspond  to  the  initial  field,  and 
the  terms  within  the  brackets,  to  the  final 
field. 

The  maximum  shear  stress  according 

to  [156],  takes  the  form 


tin* 


*»!«—* 


•)* 


(42) 


where  Q  =  N  sinh  Uq/o.  Figure  85  shows  a 
graph  of  the  function  Q(a/b,  a)  for  a  *  1.5 
(which  corresponds  to  a  Poisson  ratio  v  *  0.25).  It  is  interesting  to 


note  that  is  always  larger  than  2p. 


Displacements 


Determining  the  displacements  with  an  allowance  for  conditions  at 


infinity,  we  find  after  oa3lcally  simple,  although  cumbersome,  calcu¬ 
lations 


i  /•  C  |  . 

w*  ~  •  -g-  •  Au  •  sin  v  •  cos  r  •  cos  r; 

(43) 

2^T' IT’t'**  i"  cos’r)  co»w; 

(44) 

=  ^•C,^»cosr-,inic; 

(45) 

where 


(  l)(25  sh«-r  r)-Rh«-^t  +  *(S*hu-T), 

A.,{-  *-.(j  +  7i-.)]eb.,  I1*6) 

7.- [2X4«(f-T^r)]ct>. 

-K-2*S. 

In  particular,  the  formulas  for  the  displacements  at  the  focus  boundary 
u  =  Uq,  where  uQ  =  0,  and  the  ellipsoid  (34)  degenerates  into  a  circle, 
will  take  the  form 


+ 


P  «(2  +  «) 


*»» 


r 

p 


to,  =  0. 


(47) 

m 

(49) 


Here  p  =  y  iB  the  distance  from  the  center  of  the  circle,  and 

tne  +  and  —  signs  in  (47)  correspond  to  displacements  upward  and  down¬ 
ward,  respectively,  for  y  -*■  0;  thus,  the  displacements  at  the  edges  of 
our  fault-plane  model  actually  experience  faulting.  It  Is  clear  from 
(48)  that  this  plane  also  experiences  rotation  (which  restores  static 
equilibrium  after  formation  of  a  fault).  At  great  distances,  the  dis¬ 
placements  (43)-(45)  are  the  same  as  those  resulting  from  the  superpo¬ 
sition  of  two  static  mutually  perpendicular  dipoles  with  a  moment. 

This  confirms  the  earlier  qualitative  conclusion  [88]  that  this  super¬ 
position  of  dipoles  corresponds  to  shear  and  rotation. 

It  is  not  clear  whether  or  not  this  rotation  actually  occurs. 
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since  equilibrium  ray  be  established,  at  least  in  part,  as  a  result  of 
permanent  set.  Its  possible  effect  upon  a  dynamic  focus  model  is  also 
unclear.  All  the  same,  it  may  be  assumed  that  this  has  no  effect  upon 
the  order  of  the  quantities  studied  here. 

Displacements  on  the  boundary  of  a  focus  (34)  will  vary  sharply 
from  point  to  point.  We  will  arbitrarily  take  as  a  measure  of  the 
shift  1  in  the  focus  the  slip  6yy  of  points  y  =  a,  x  =  z  =  0.  We  have 
from  (43)-(46) 


I  =-  a),  (50) 

where  L  is  a  coefficient  connecting  a  focal  dimension  with  the  magni¬ 
tude  of  the  shift, 

A (“».  »)=*'  zrjrfc +  2«J).  (51) 


Energy 

We  shall  define  the  energy  difference  AW  of  the  initial  and  final 
fields  as  the  work  that  must  be  expended  to  obtain  the  initial  field 
from  the  final  field.  As  far  as  we  know,  this  method  was  first  used  in 
the  similar  two-dimension  problem  of  Starr  [157]* 

We  note  that  if  we  were  to  compute  the  energy  by  the  normal  method 
evaluating  the  work  required  to  obtain  the  given  field  from  the  un¬ 
stressed  state  —  it  would  turn  out  that  the  initial-field  energy  would 
be  less  than  that  of  the  final  field.  This  is  required  formally  by  the 
fact  that  in  the  final  field  the  displacements  at  infinity  are  greater 
than  in  the  initial  field. 

We  represent  AW  in  the  form 

.  6kW  wm  +  bW* 

Here  AW^  and  AW#  correspond  to  regions  outside  and  inside  the  ellip¬ 
soid  (34).  The  magnitude  AW^  is  computed  by  taking  half  the  work  of 
stresses  (32)  used  for  the  translations  (43) -(45).  Separating  the  fac- 


(5?.) 


where  and  Rg  are  coeffir dctex-m.'.n In-;,  v.-.e  --.ay  'n  which  the  en¬ 
ergy  is  related  with  the  focal  dimensions 

Rt  =  ■— y  {—  i4u  sh  2u  +«Sch*u,)  —  AtTthu,  -f 
A, sh*  u,  —  A,  sh  2 «„)+  -4,  ch  2u  +  £  •  sh*«^  —  -j-  A. cb  «}■  ,  ( 53  •  ) 

fl.-£th.r  (53") 

The  quantity  is  less  than  R  ,  even  v/hen  the  focus  model  is 
very  nearly  a  sphere. 

At  large  uQ,  when  the  ellipsoid  (34)  becomes  a  sphere,  it  is  dif¬ 
ficult  to  calculate  the  functions  Q,  R1#  and  N  from  the  formulas  given 
above,  since  when  Uq  -*  these  functions  take  the  form  of  exponen¬ 
tially  decreasing  differences  of  exponentially  increasing  quantities. 


G. I.  Pavlova  has  obtained  the  following  asymptotic  formulas: 


-4  -  5a  1  ,  7a— 4  1  .  13  — a  1  ,  24-a  1 

15  aba  '  105  ab*»  35  aPa  ’  14  ah*i» T  *  *  * ’ 


—  4  — 5a  7a  —  4  1  .  13-a  1 

l5a  ‘  105a  ah'u  '  35a  ah*a 


2  +  a  1 
14a  ah*  a 


„  .  o_c  4  -f  10a  1  .  14  — 8a  1  _l  +  2a  1 

£+20*5 - 15  ah*a  '  35  ah*a  T~aPa  + 


18  — 40a  1  32  — 84a  1  4  +  18a  1  ,  188a  I  4a  1  , 

5T  SK  105  ab'a  21  ah*a 735  aPa  ah*»a 
,  2a  1 

+  *rsp5'  +•••• 


where  $  Is  the  expression  in  braces  on  the  right  side  of  (33’). 
Two-Dimensional  Problems 

The  foci  of  strong  surface  earthquakes  are  extended  horizontally. 
In  studying  them,  it  is  of  interest  to  look  at  solutions  of  similar 
two-dimensional  problems.  With  this  case  in  mind,  L.  Knopov  [124]  ex¬ 
amined  the  stress  concentration  in  a  plane  xjr  with  a  slit  -b  <  x  £  b, 
y  -  0,  with  the  stresses  Tyz  acting  in  the  initial  field  (in  the  ab¬ 
sence  of  the  slit).  Using  the  very  elegant  and,  evidently,  very  fruit- 
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ful  method  of  hydrodynamic  analogies,  he  obtained 


rjr 

(5*0 

±.(lmV&=V-9), 

(55) 

AiW  - 

(56) 

Here  A_W  is  the  energy  per  unit  length  of  the  z  axis,  w  =  x  +  iy  on  a 

n — t  * 

plane  with  a  section  through  the  slot  y  w  —  b  for  y  =  0,  x  >  b. 

Starr  [157]  considered  the  stress  concentration  in  the  xg  plane 
with  an  elliptical  opening 


'S'+S'"1, 

in  which  the  stresses  t  .  act  in  the  Initial  field.  Making  use  of 

xy 

Starr's  solution  [157]  in  exactly  the  same  way  as  we  used  the  Neyber 
solution  previously,  and  correcting  certain  inaccuracies  in  [157],*  we 


are  able  to  obtain,  following  certain  calculations 


h. 


£*  «*“•  «h2(»  — +  « 

P  idia.  It 


■ia2*( 


p*  «**»  |ch  2  («  —  ■«)  +  ■  —  1]  cob  2»  4-  a*-1* 
p  U*cfcn,  K 


(57) 

(58) 


or 


*“« “  ^  W&rz <l8** 2 (“  ~ S)  +  «l 2» -I alna-ahi ■  + 

+  (ch2(a  —  «*)  +  «  —  l]cos2v-cof  pci>«  +  ar^'Cb  ••««»],  (59) 

—  |eb2(u  —  b,)  +  a  —  1J  cot  2p*>inv-aha  — aw^'Pla  (60) 

In  addition,  according  to  [157  ],  where  a  **  0 


(61) 

Here  the  coordinates  u,  v  are  associated  with  x,  £  by  the  rela¬ 
tionships  (35)  where  w  *  0,  so  that,  as  previously,  tanh  Uq  -  a/b. 
Calculating  the  Fault  Area  and  Magnitude  of  Shift 

The  formulas  obtained  above  make  it  possible  to  formulate  the 
problem:  on  the  basis  of  the  total  seismic -wave  energy  Iq,  to  find  the 
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displacement  at  the  focus  1,  the  focal  dimensions  (with  the  area  of 
the  fault  plane  S  =  7ibi_  bent  taken  as  a  measure  of  the  dimensions), 
and  also  to  find  the  change  in  the  stressed  state  appearing  as  a  re¬ 
sult  of  the  earthquake.  The  basic  formulas,  wnich  may  be  of  interest 
from  the  point  of  view  of  interpretation,  are  as  follows: 

S. 


( 


»  P» 


1  \W 

>■ ~  f  y  s  L‘  (ir  ■  *) "  Vt  Yt  l‘  (-r  ■  *)■ 

< 

alS  =  ® 

n  ».  +  *.  ,  L  r  l 

**  =  77* 


(62) 

(63) 

(64) 


Here  Rg  is  a  coefficient  determining  the  relationship  of  the  en¬ 
ergy  and  the  focal  area;  n  is  the  ratio  of  the  total  seismic  energy  Eq 
to  the  total  energy  AW  expended  upon  Irreversible  processes. 

The  quantity  n  is  clearly  substantially  greater  for  earthquakes 
than  for  explosions  [61],  We  shall  assume  that  the  irreversible  proc¬ 
esses  absorb  all  of  the  energy  liberated  within  the  model  of  the  focus 
the  ellipsoid  (34),  while  the  elastic  energy  liberated  outside  the 
focus  will  go  completely  into  the  seismic-wave  energy  Eq,  i.e.,  we 
discard  the  quantity  Re  in  (62)  and  (64),  and  assume  that  n  =  1. 

We  recall  that  £  is  the  mean  shear  stress  prior  to  the  earthquake 
p  is  the  shear  modulus;  2a/2b  is  the  ratio  of  the  fault-plane  diameter 
to  the  thickness  of  the  plastic-deformation  zone  in  the  section  per¬ 
pendicular  to  the  fault  (i.e.,  the  eccentricity  of  the  focus  model);  S 
is  the  fault  area;  1  is  the  magnitude  of  the  slip  along  the  fault  In 
the  center  of  the  fault  surface;  R^  and  R0  correspond  to  the  energy 
liberated  inside  and  outside  the  focus  model  (so  that  where  a  «  0,  Rfl 
-  0);  p2/2p  i*  the  mean  density  for  the  elastic  energy  of  the  shear 

(tangential)  stresses  prior  to  the  earthquake. 
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Fig.  86.  Graph  for  the 
logarithms  of  the  func¬ 
tions  R  and  L  at  a  = 

8  S 

=  1.5. 


Let  us  consider  the  problem  of 
choosing  the  stress  values  £  in  the  in¬ 
itial  field.  It  was  not  known  earlier 
what  the  chief  difficulty  involved  in 
utilizing  formulas  (62) -(64)  is.  It  is 
only  possible  to  state  that  £  is  less 
than  the  ultimate  strength,  since  it 
corresponds  to  the  mean  stress  over  a 
large  region. 

Benioff  [122]  evaluated  £  for  the 
1952  California  earthquake  from  the  for¬ 
mula  E  =  p2HF/2ji,  where  E  is  the  seismic 


energy;  H  is  the  thickness  of  the  earth's  crust;  F  is  the  area  of  the 
aftershock  zone.  This  formula  is  based  upon  the  assumption  that  the 
energy  E  going  into  the  seismic  waves  has  been  accumulated  in  a  zone 
coinciding  with  the  aftershock  zone.  He  obtained  p  =  2.6*107  dyne/cm2. 

pO 

Since  the  magnitude  of  E  was  known  for  this  earthquake  (-5*10  erg), 
it  is  possible  to  f ind  £  from  Formula  (64).  The  slip  occurred  along  a 
fracture  60  km  long.  Letting  H  be  the  depth  of  the  fracture  in  kilom¬ 
eters,  we  obtain  S  =  6*H*1011  cm2.  Then  from  Formula  (64),  where  p  » 

=  5*10n,  H  =  15-35  km  [122],  and  a  =  0,  we  obtain  p  -  (5-9)-107  dyne/cm2 
Since  for  this  earthquake,  the  focus  was  extremely  long,  it  might 
prove  desirable  to  utilize  the  formulas  for  the  two-dimensional  prob¬ 
lems.  Assuming  in  this  case  that  H  =  15-35  km,  we  find  from  Knopov's 
Formula  (56)  that  p  *  (1.5-3.^)*107  dyne/cm2. 

We  see  that  the  values  found  for  £  are  of  the  same  order.  In  the 
future,  we  will  attempt  to  use  them  to  study  other  earthquakes. 

The  values  of  the  coefficients  R§  and  L0  are  given  in  Fig.  86  for 
the  case  in  which  a  -  1.5#  corresponding  to  a  Poisson  ratio  v  >0.25. 


Within  reasonable  limits  (C.23-C.27),  a  change  in  v  has  no  great  ef¬ 
fect  upon  the  quantities  being  determined.  The  dashed  line  corresponds 
to  functions  in  which  Rg  is  neglected. 

Using  Formula  (62)  and  the  graph  for  R  ,  it  is  possible  to  find 
the  area  of  the  fault  plane  S,  while  from  Formula  (63)  and  the  graph 
from  Lg  or  Lg,  the  slip  1  may  be  found.  In  some  cases,  it  is  convenient 
to  determine  the  product  plS  directly  with  the  aid  of  (64). 

It  should  be  noted  that  in  [122,  123,  etc.  ],  the  volume  of  the 
stress-accumulation  region  is  found  from  the  earthquake  energy  E  with 
the  aid  of  formulas  having  the  form 


The  quantity  V  should  not  be  confused  with  the  volume  of  the  model 
(34).  This  last  may  equal  zero  (where  a  =  0),  but  the  seismic  energy  E 
will  remain  finite  in  this  case.  As  may  be  seen  from  Fig.  86,  E  is 
relatively  Independent  of  the  focus  volume.  It  Is  basically  determined 
by  the  fault  area,  and  by  the  initial  stresses  £. 

Let  us  mention  still  another  possible  area  for  the  application  of 
Formulas  (36)  and  (4l).  Using  them,  it  is  possible  to  calculate  the 
effect  of  an  earthquake  upon  the  stress  field  about  the  focus.  In  a 
small  region  about  (34),  the  maximum  tangential  stresses  are  increased 
and,  consequently,  the  probability  of  new  earthquakes  Increases  also. 
This  region  Is  naturally  identical  with  the  aftershock  zone.  As  is 
clear  from  (36)-(4l),  its  linear  dimensions  are  proportional  to  b. 
Moreover,  there  must  be  a  certain  region  for  which  the  shear  stresses 
are  lowered. 

In  studying  the  stresses  in  the  final  field,  it  is  of  especial 
importance  to  allow  for  nonldeal  elasticity. 

In  conclusion,  it  is  of  interest  to  compare  Formulas  (62),  (63) 


with  data  on  the  probability  of  earthquakes  of  various  energies.  It  is 
known  that  when  the  seismic  energy  E  is  decreased  by  a  factor  of  one 
hundred,  the  number  of  earthquakes  rises  by  roughly  a  factor  of  ten. 

In  this  connection,  the  contribution  of  weak  earthquakes  to  the  yearly 
release  of  seismic  energy  is  very  small.  When  E  decreases  by  a  factor 
of  one  hundred,  however,  the  total  fault  area  will  drop  only  by  a  fac¬ 
tor  of  ten  and  one  third,  while  the  total  slip,  according  to  (63),  may 
even  increase  by  a  factor  of  ten  and  one  third.  Naturally,  the  fault 
areas  and  the  slips  cannot  be  added  directly  in  this  fashion.  These 
estimates  indicate,  however,  that  weak  earthquakes  may  play  a  substan¬ 
tial  role  in  the  formation  of  major  fracture  zones,  or  in  dislocations 
along  them. 

By  making  reasonable  changes  In  constants,  it  is  easy  to  improve 
the  agreement  of  the  calculations  cited  with  empirical  data.  There  is 
no  point  to  this,  however:  the  Indeterminacy  in  the  choice  of  con¬ 
stants  (especially  n  and  jg),  and  the  idealization  Involved  In  the 
statement  of  the  problem  may  lead  to  large  errors.  As  yet,  we  cannot 
do  more  than  state  that  calculations  carried  out  in  accordance  with 
the  formulas  of  this  section  produce  reasonable  results,  in  agreement 
with  data  from  other  methods.  This  permits  us  to  attempt  to  utilize 
the  formulas  obtained  for  certain  rough  estimates. 

§2.  ESTIMATES  OP  FOCAL  DIMENSIONS  ON  THE  BASIS  OF  CERTAIN  EMPIRICAL  LAWS 

Despite  the  rigorousness  of  the  solution  to  the  problem  posed, 
the  calculations  performed  in  the  preceding  section  cannot  be  defended 
as  reliable  in  view  of  the  large  amount  of  idealization  of  the  earth¬ 
quake  phenomenon  Itself. 

In  this  connection,  it  is  of  interest  to  find  the  basic  focal 
characteristics,  the  linear  dimension  rQ  and  the  slip  in  the  focus  1, 
on  the  basis  of  general  physical  concepts,  without  getting  involved  in 


complicated  calculations,  but  taking  fall  account  of  observational 
data.  The  results  presented  below  are  basically  applicable  to  weak 
earthquakes,  and  thus  it  is  wo ak-eart! .quake  observations  that  we  shall 

use  here . 

In  all  of  the  findings,  it  is  assumed  that  the  focus  is  symmetric, 
and  may  be  represented  by  a  sphere  of  radius  r^.  For  weak  earthquakes, 
the  spherical-focus  supposition  is  quite  acceptable.  For  strong,  de¬ 
structive  earthquakes,  where  the  foci  are  clearly  other  than  spherical, 
it  is  only  possible  to  speak  of  an  arbitrary  sphere  of  radius  rQ  equal 
in  volume  to  the  focus. 

Energy  Evaluation 

An  energy  evaluation  of  focus  dimensions  has  been  employed  pre¬ 
viously  to  good  effect  in  calculating  the  extent  of  the  focal  regions 
for  an  earthquake  of  maximum  Intensity  [110,  122,  123,  1^3,  159,  160]. 
The  method  consists  in  calculating  the  linear  dimension  (the  radius) 
of  a  stressed  elastic  sphere,  which  is  substituted  for  the  actual 
focus,  sufficient  to  release  an  amount  of  energy  upon  stress  relief  to 
equal  numerically  the  total  seismic  energy  of  the  earthquake.  If  we 
adopt  the  viewpoint  of  G.A.  Gamburtsev  [9,  10],  who  holds  that  the  in¬ 
tensity  of  an  earthquake  Is  basically  determined  by  the  dimensions  of 
the  elevated-stress  zone,  rather  than  by  the  stress  values  themselves, 
this  method  for  estimating  focus  dimensions  may  also  be  employed  for 
weak  earthquakes.  The  sphere  is  considered  to  be  ideally  elastic,  and 
the  earthquake  process  equivalent  to  instantaneous  relief  of  a  portion 
of  the  stresses  over  the  entire  volume  of  the  sphere.  The  total  poten¬ 
tial  energy  of  elastic  strain  for  such  a  sphere  will  equal 

tf.-*  4*.  (65) 

where  y  is  the  shear  modulus,  V  is  the  volume  of  the  sphere,  and  c  is 
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the  strain. 

An  earthquake  occurs  when  the  strains  e  -in  all  sections  of  the 
sphere  reach  a  certain  critical  value  We  assume  that  the  earth¬ 

quake  releases  only  the  ojth  portion  U0  cf  the  total  potential  energy 
Up,  i.e.,  Uq  =  oiUp,  and.  In  turn,  a  certain  nth  part  of  UQ  goes  into 
the  energy  of  the  elastic  waves  EQ,  so  that  EQ  =  nAQ.  Then 

(66) 

We  must  now  supply  the  possible  ranges  of  the  quantities 
n,  and  w  entering  into  Formula  (66). 

Judging  from  data  in  the  literature  [110,  122,  123,  1^3,  158-161], 

_o 

the  critical  value  for  the  strain  e  will  evidently  lie  between  10 
and  10"4. 

The  coefficient  u,  which  showB  what  fraction  of  the  strain  energy 
is  released  by  the  earthquake  should  be  less  than  unity,  since  in  the 
center  of  the  focus  the  upper  limit  will  be  unity,  while  on  the  per¬ 
iphery  it  should  be  noticeably  less.  On  the  other  hand,  the  nonuni¬ 
formity  of  the  stress  field,  and  the  considerable  decrease  in  the 
forces  of  friction  at  the  instant  of  faulting  excludes  the  possibility 
of  very  small  values  for  the  coefficient  co.  We  take  the  following  in¬ 
terval  of  possible  w  values,  u>  =  0.1-0. 5. 

The  coefficient  n  for  the  conversion  of  earth-tremor  energy  into 
elastic-wave  energy,  as  before,  is  assumed  to  equal  n  =  0.1-0. 5. 

If  we  now  assume  that  the  quantities  e,  00,  and  n  do  not  range  be¬ 
yond  the  limits  mentioned,  the  modulus  11  will  equal  S‘1011  dyne/cm2 
[161],  and  V  a  47ttq/3,  end  substituting  these  values  into  Formula  (66), 
we  will  obtain  the  following  limits  for  the  focus  dimensions  r^  in  cen¬ 
timeters,  as  a  function  of  the  total  seismic  energy  Eq  in  joules 

r,-(4-*a0>fa:  (fi7) 


Observations,  however,  may  yieiu  not  the  total  seismic  energy  E^, 
but  the  energy  E  relative  to  a  referen-o  surface  of  radius  1C  km  sur¬ 
rounding  the  focus  (as  was  assumed  in  the  expedition).  In  this  case, 
it  is  necessary  to  make  the  It  Hewing  substitution  in  formula  (67). 
Above  (Chapter  4),  we  have  given  the  relationship  between  Eq  and  E.  If 

we  assume  that  the  attenuation  of  energy  density  within  the  reference 

/  4 

sphere  is  proportional  to  1/r  ,  this  relationship  will  take  the  form 


Substituting  the  given  value  of  E^  into  Formula  (67),  we  obtain 

%  =  (6-^20)10*K£;  (68) 

where,  as  before,  is  expressed  in  centimeters,  and  E  in  Joules. 
Estimate  from  Wavelength 

It  is  known  that  the  wavelengths,  as  a  rule,  depend  upon  the 
source  dimensions.  An  increase  in  the  dominant  wavelengths  of  vibra¬ 
tions  emitted  with  increasing  dimensions  of  fractures  -  fissures,  etc. 
has  been  observed  experimentally  both  in  laboratory  experiments  on 
specimen  failure  (162,  163],  and  under  natural  conditions  in  the  study 
of  shaft  pulses  [163,  164]. 

The  way  in  which  dominant  wavelengths  or,  in  general,  vibration 
form  depend  upon  source  dimensions  can  in  many  cases  also  be  found 
from  theoretical  considerations.  In  the  simplest  case,  this  may  be 
done  by  examining  the  solution  to  the  wave  equation  in  the  form  of  the 
Kirchhoff  formula  [86].  It  follows  from  this  solution  that  the  length 
of  the  disturbance  at  the  observation  point  will  equal  the  time  re¬ 
quired  for  the  vibrations  to  propagate  through  the  distributed-source 
region.  In  this  case,  given  two  sources  differing  solely  in  size,  the 
length  of  the  vibrations,  and  in  this  connection,  the  observed  periods 
and  vibration  wavelengths  as  well  at  the  corresponding  observation 
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points,  will  be  related  as  the  source  dimensions. 

An  examination  of  the  similar  problem  for  a  disturbance  due  to 
elastic  vibrations  of  a  cavity  for  an  explosion,  allowing  for  radia¬ 
tion  [165]  also  leads  to  a  linear  relationship  between  wavelength  and 
cavity  dimensions.  The  coefficient  of  proportionality  m  for  the  cavity 
diameter  and  wavelength  in  this  problem  depends  upon  the  law  governing 
the  variation  in  pressure  with  time.  Thus,  for  a  sudden  application  of 
pressure,  we  have  m  =  3,  while  for  a  pulse,  m  =  1-2.  Thus,  for  this 
problem,  the  wavelength  obtained  is  of  the  order  of  the  explosion- 
pocket  dimension,  and  rises  linearly  with  it. 

V.  I.  Keylis-Borok  [89],  investigating  sources  equivalent  to  foci, 
showed  that  a  propagating  disturbance  contains  a  damped  harmonic  os¬ 
cillation,  and  that  the  wavelength  of  such  oscillations  is  proportional 
to  the  dimensions  of  the  source. 

In  his  work,  G.I.  Gurevich  [166]  examined  the  very  simple  scheme 
of  vibrations  appearing  in  an  ideally  elastic  medium  as  a  result  of 
slip.  As  is  known,  this  is  the  main  type,  and  almost  the  only  type,  of 
fracture  occurring  in  earthquakes  [88].  Making  certain  simplifications 
(two-dimensional  case,  unbounded  Ideally  conducting  medium,  instantan¬ 
eous  faulting),  Gurevich  showed  that  the  wavelength  of  an  observed 
pulse  equals  the  linear  dimension  of  the  region  in  which  stress  relief 
occurred.  Where  the  stress  is  not  relieved  instantaneously  (duration 
of  the  faulting  process  greater  than  the  period  of  the  observed  wave), 
we  will  also  observe  the  wave  mentioned  above,  but  against  the  back¬ 
ground  of  a  very  low-frequency  vibration.  The  wavelength  of  a  basic 
vibration  will  remain  unchanged  In  this  case,  l.e.,  it  will  equal  the 
linear  dimension  of  the  stress-relief  region. 

Naturally,  Gurevich's  scheme  Is  quite  idealized.  The  actual  slip 
process  Is  complicated  by  inelastic  deformations  accompanied  by  a 
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Thus,  In  first  apprtxl:  '  1  n,  1 5-  may  to  supposed  tuat  the  length 
X  of  the  emittea  wave  and  the  focus  dimension  r.  ere  the  a erne.  On  the 
other  hand,  we  assume  that  ihr-  ear  '  hqu  ti>,j  gy  depends  solely  upon 
the  focus  dimensions.  Finally,  let  us  make  u.-.e  •  f  the  ft rruia  (26)  ob¬ 
tained  above  for  strong  earthquakes,  whi-’-h  c-  nnacts  the  duuinant  fre¬ 
quencies  f  of  the  seismic  vibrations  (in  the  3  wave,  v/hioh  bears  the 
maximum  energy)  with  the  seismic  energy  of  an  earthquake.  Let  us  con¬ 
vert  in  this  formula  from  the  frequency  f  to  the  wavelength  X  and  as¬ 
sume  that  X  —  Tq.  Assuming  that  the  wave  propagation  rate  Vg  =2.8 
km/sec,  we  obtain 

rt  =  40y~£ ,  (69) 

where  rQ  is  in  meters,  and  E  in  joules.  This  formula  also  gives  the 
desired  focus  dimension,  obtained  from  considerations  relating  to  its 
relationship  with  the  dominant  wavelength  of  seismic  waves. 

For  weak  earthquakes  (log  E  joules  <  7),  this  estimate  is  less 
reliable  than  for  strong  earthquakes,  since  in  the  low-energy  region 
in  accordance  with  (28),  the  observed  wavelengths  are  considerably 
greater  than  those  obtained  by  the  same  relationship  for  strong  earth¬ 
quakes.  High-frequency  absorption  cannot  completely  account  for  this 
deviation.  In  order  to  obtain  a  more  accurate  estimate  of  weak-earth- 
quake  focus  dimensions,  it  is  necessary  to  carry  out  a  more  detailed 
investigation  of  the  dominant  frequencies  of  seismic  vibrations  at  min¬ 
imum  hypocentral  distances. 

Evaluation  from  Maximum  Stresses  and  Strains 

The  idea  behind  this  method  for  estimating  focus  dimensions,  sug- 
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jested  by  Yu.V.  Rlznlchenko,  consists  in  the  following.  A  seismic  wave 
is  a  stress-strain  condition  of  shear  or  compression,  propagating  in 
an  elastic  medium.  The  magnitude  of  the  stresses  o  and  strains  e  rises 
as  we  approach  the  focus.  By  establishing  the  way  in  which  the  quan¬ 
tities  o  and  e  vary  with  the  hypocentral  distance  r,  and  making  a 
reasonable  extrapolation  of  this  function  to  the  region  of  small  r,  we 
will  inevitably  be  led  to  the  values  of  o  =  olcrit»  e  =  for  which 

the  stress-strain  state  of  the  medium  will  pass  through  a  certain  elas¬ 
tic  limit  or  ultimate  strength  of  the  material,  i.e.,  we  approach  the 
boundary  of  the  focal  region  from  the  outside.  In  the  case  given,  as 
before,  the  focal  boundary  is  assumed  to  be  the  boundary  between  the 
Internal  region  —  the  focus  itself  -  where  faulting  and  strong  plastic 
and  other  flows  occur  in  the  medium,  and  the  external  region  where  the 
medium  basically  behaves  elastically,  v/ith  no  faulting  or  substantial 
permanent  set. 

In  view  of  the  fact  that  outside  the  focus,  in  the  elastic  region, 
there  is  a  one-to-one  relationship  between  a  and  e,  the  entire  discus¬ 
sion  to  follow  can  be  in  terms  of  one  of  these  quantities,  e.g.,  for 
the  strain  e.  In  this  region,  e  and  o  are  related  by  Hook's  law,  with 
the  magnitudes  of  the  elastic  constants  E  and  p  determined  from  the 
values  of  the  seismic  velocities  Vp,  Vg,  and  the  density.  The  magnitude 
of  the  strain  e  at  the  observation  point  —  at  the  seismic  station  — 
may  be  found  from  the  seismogram. 

For  all  hypocentral  distances  r  that  are  considerably  greater 
than  the  observed  Beismic  wavelength  X,  which  is  normally  the  case  for 
seismic  stations,  the  wave  may  be  considered  to  be  a  plane  wave.  In 
addition,  for  the  overwhelming  majority  of  earthquakes  studied,  the 
vibrations  in  the  maximum-energy  and  deformation  region  Is  approximated 
by  a  segment  of  a  sinusoid.  For  a  plane  sinusoidal  wave 
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tance  are  the  same  as  those  causing  th*’  c 

energy  flux  density. 

By  using  earthquake  records  from  several  stations  lying  at  dif¬ 
ferent  hypocentral  distances  r,  It  is  possible  to  establish  empirics U 

a  law  e(r)  for  the  variation  In  r.  with  distance.  Constructing  such 
'  max. 

a  function  for  earthquakes  of  various  energy  classes,  and  extrapolat¬ 
ing  it  to  shorter  hypocentral  distances,  we  can  find  the  distances  r  r 
=  rQ,  which  will  differ  for  earthquakes  of  different  energies,  for 
which  e  reaches  the  critical  value  i.e.,  the  values  correspond¬ 

ing  to  the  ultimate  strength.  This  is  the  method  that  we  shall  use  to 
estimate  focus  dimensions. 

The  legitimacy  of  extrapolating  the  observed  relationships  e(r) 
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toward  shorter  distances  is  supported  by  the  fact  that,  as  observations 
of  energy  attenuation  and,  consequently,  strain  attenuation  as  well 
indicate,  these  laws,  on  the  average,  remain  stable  over  a  rather  wid e 
range  of  distances:  from  several  tens  of  kilometers  to  2  km.  There  is 
no  apparent  basis  for  expecting  a  sharp  change  in  these  laws  at  smaller 
hypocentral  distances,  up  to  the  boundary  of  the  inelastic  deformation 
region  -  the  focal  boundary. 

In  practice,  in  order  to  find  the  function  e(r)  twenty  earthquakes 
from  each  energy  class  K  from  K  -  5  to  K  =  10  were  selected,  as  well 
as  several  earthquakes  of  greater  energies.  For  all  earthquakes, 

mCLA 

is  determined  from  the  seismograms  at  each  of  the  stations  recording 
the  earthquakes.  To  do  this,  in  the  maximum-amplitude  group,  the  vib¬ 
ration  with  the  greatest  energy  is  chosen,  and  the  value  of  emax  is 
computed  from  the  measured  and  f,  in  accordance  with  (70).  These 

quantities  are  plotted  on  a  graph  which  has  the  logarithm  of  the  hypo- 
central  distance  r  plotted  along  the  axis  of  abscissas,  and  log  e  for 
all  earthquakes  in  each  energy  class  K,  from  the  data  of  all  stations, 
plotted  along  the  axis  of  ordinates. 

As  an  example.  Fig.  87  shows  the  initial  data  used  to  plot  the 
e(r)  graph  for  the  K  =  6  and  K  =  9  cases.  We  see  that  the  "observed" 
points  lie  within  a  quite  restricted  band,  and  in  general  position, 
these  points  can  approximate  lines. 

For  the  collection  of  points  corresponding  to  the  various  K  = 

(i  =  5-13)*  grouping  and  the  method  of  least  squares  was  used  to  plot 
average  lines,  satisfying  equations  in  the  form  log  e  =  log  e^-ic^  log  r 

fQ  4 

or  e=  ejT  ,  where  =  const.  Figure  88  shows  these  lines  e  *  e(r). 

We  see  that  the  slopes  <c ^  of  these  lines,  at  least  for  weak  earthquakes 
K  <  10,  are  nearly  the  same,  and  approach  k  »  2.4. 

For  stronger  earthquakes  of  Ka  11-13,  the  slopes  k  decrease  no- 

_  281  _ 


tgc 


■10 


K'S 


\  . 

o  o 

Pq  O  * 

l"8? 


0  •  °0 
##of» 

o  qo 

o  gv» 

4  O 


KtM 


tin 


20  *0  00  00 100 


Fig.  87.  Maximum  strains  e  as 
a  function  of  hypocentral  dis¬ 
tances  r  for  earthquakes  in 
the  energy  classes  K  =  6  and 
K  =  9- 


ticeably.  It  may  be  that  this  is  connected  with  the  fact  that  such 
earthquakes  are  characterized  by  lower  dominant  frequencies  (of  the 
order  of  1-3  cps),  which  are  strongly  attenuated  with  distance.  In  ad¬ 
dition,  the  data  obtained  for  these  earthquakes  are  based  upon  a  small 
number  of  observations,  and  are  thus  not  completely  reliable. 

The  graphs  of  Fig.  88,  corresponding  to  earthquakes  in  the  K  = 

=  5-10  range  show,  in  addition  to  approximate  parallelism  of  the  lines, 
approximate  equality  of  the  distances  between  any  two  neighboring  lines 
e(r).  In  order  to  determine  the  focus  radius  rQ  sought,  using  the  graph 


•  282  • 


of  Fig.  88.  it  is  necessary  to  plot  on  it  some  line  e  =  elcrlt  parallel 
to  the  horizontal  axis.  Then  the  value  of  r^  for  any  should  corres¬ 
pond  to  the  abscissa  of  the  intersection  of  this  horizontal  line  and 
the  inclined  line  e(r)  designated  by  the  given. value  of  K  =  K^.  In  view 


Fig.  88.  Average  graphs  for  the  max¬ 
imum  strains  e  as  functions  of  the 
hypocentral  distances  r  for  earth¬ 
quakes  of  various  energy  classes  K. 

The  graphs  correspond  to  the  equa- 
Ki 

tion  e  =  EjT  . 

of  the  fact  that  the  horizontal  segments  between  the  lines  e(r)  in  the 

coordinate  system  under  consideration  are  also  the  same  (as  is  the 

case  for  the  distances  between  these  lines),  we  find  that  the  distance 

K 

rQ  rises  as  the  energy  E  =  10  Increases,  in  proportion  to  some  con- 

l/c 

stant  power  of  E,  and  in  the  given  case,  roughly  as  E  '  . 

In  order  to  carry  out  a  quantitative  estimate  of  the  focus  dimen¬ 
sions  Vq,  it  is  necessary  to  assign  a  critical  value  e  =  E;crifc,  i.e.. 
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the  strain  value  for  which  the  elastic  state  of  the  medium  is  notice¬ 
ably  disturbed, and  it  becomes  possible  for  the  continuity  of  the  medium 
to  be  destroyed.  We  note  that  the  choice  of  different  values  for 
does  not  change  the  shape  of  the  function  relating  the  focus  dimensions 
rQ  and  energy,  but  will  only  increase  or  decrease  the  absolute  values 
of  r0  obtained. 

It  is  clear  that  under  natural  conditions,  the  ultimate  strength 
of  the  rock  mass  at  the  sites  of  foci  is  noticeably  less  than  the  mag¬ 
nitudes  determined  under  laboratory  conditions  with  whole  undamaged 
rock  specimens. 

Benioff  [122],  in  computing  the  potential  strain  energy  released 
during  the  1952  earthquake  in  Kern  County  (California)  estimated  the 
mean  elastic  strain  in  the  focal  region  to  be  5*10“^.  Savarenskiy  [86], 
in  evaluating  the  possibility  for  the  appearance  of  earthquakes  in  an 
elastic-viscous  medium,  assumed  that  the  critical-strain  values  ranged 
from  10"  to  10"-).  Kanai  and  associates  [119]  using  records  from  sev¬ 
eral  earthquakes  to  find  the  strain  at  the  surface  of  a  spherical  focus 
arrived  at  a  value  of  10“^.  Tsuboi  [160],  investigating  the  epicentral 
zones  of  Japanese  earthquakes  occurring  in  the  1927-1930  period,  has 
shown  that  the  strains  do  not  exceed  10“^.  Bath  and  Benioff  [159], 
studying  the  series  of  repeated  shocks  of  the  1952  Kamchatka  earth¬ 
quake,  gave  a  value  for  the  "relieved"  elastic  strain  of  1.2* 10“^. 

_2i 

On  the  basis  of  these  data,  we  use  a  strain  of  2*10  as  the 
critical  strain  e^,.^  for  our  estimate  of  the  focus  dimensions.  Then 

_2i 

the  line  e  =  =  2-10  will  intersect  the  family  of  average  plots 

e(r)  of  Fig.  88  in  points  whose  abscissas  will,  in  approximation,  sat¬ 
isfy  the  equality 

r,-lO  }TESm,  (71) 

The  numerical  values  for  the  focus  dimensions  rQ  corresponding  to 
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this  function  are  given  for  various  energy  classes  K  of  earthquakes  in 
Table  12  (see  page  261). 

Estimates  from  Maximum  Amplitudes 

In  this  method  of  estimating  focus  dimensions,  a  correlation  for¬ 
mula  (Chapter  4)  is  used  that  connects  the  maximum  amplitude  at  the 
observation  point  Amax  with  the  hypocentral  distance  r  and  the  energy 
E  for  the  observed  earthquake. 


A 


mas  — 


,4.1  CM 


(72) 


Extending  this  formula  to  small  r  and  supplying  a  specific  value 
for  the  stress  o,  we  may  find  the  work  U  carried  out  to  overcome  the 
elastic  forces  for  a  translation  (pulsation)  of  A  cm  of  the  surface  of 

p 

a  sphere  of  radius  r.  This  work  equals  roughly  47rr  oA.  For  a  focal 

7  8  p 

surface,  i.e.,  for  r  =  rQ  and  o  =  lO'-lO  dyne/cm  ,  we  obtain 

U  *=  (10*-r- 10*)r* ,4.  (73) 

Since  we  assume  that  from  the  focus  surface  outward,  the  deforma¬ 
tion  13  elastic,  the  work  U  as  a  whole  will  be  converted  to  the  energy 
of  elastic  waves,  i.e.,  it  will  equal  the  seismic  energy  of  the  earth¬ 
quake  Eq.  We  express  the  magnitude  of  EQ  in  terms  of  the  energy  E  at 
the  surface  of  a  reference  sphere  of  radius  10  km 

Et,pe  =  Ed„~.  (74) 

Here  as  before,  we  assume  that  the  law  governing  the  energy-density 
attenuation  if'(r)  =  1/r^  holds  for  all  of  space  outside  the  focus.  Then, 
replacing  the  quantity  A  by  its  value  as  found  from  the  correlation 
Formula  (72)  in  Formula  (73)#  and  equating  both  of  the  equations  of 
the  total  energy  (73)  and  (7*0#  we  obtain  the  following  equation  relat¬ 
ing  the  focal  dimensions  rQ  (in  meters)  and  the  energy  E  (in  Joules) 

r.-(3-M0)yX 
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(75) 


Comparison  of  Focus  Dimensions  Obtained  from  the  Various  Estimates 

Table  12  shows  the  results  of  all  four  estimates.  This  table 
gives  focus-dimension  values  as  follows:  r*,  focus  dimensions  obtained 
from  the  critical  elastic-energy  density  per  unit  volume.  Formula  (68); 
Tq*,  from  the  dominant  wavelengths  X,  Formula  (69);  r*1*,  from  the  em¬ 
pirical  function  e(r),  extrapolated  to  small  r  all  the  way  to  the 
critical  strain  values  e,  Formula  (71);  r^,  by  extrapolating  the  func¬ 
tion  Vx-#W  to  small  r,  all  the  way  to  values  of  rQ  limited  by 
the  critical  stress  value  0  =  Formula  (75). 

We  see  that  the  values  of  rQ  from  estimates  based  upon  basically 
different  assumptions,  turn  out  to  agree  quite  well.  In  view  of  the 
fact  that  all  of  these  estimates  are  based  upon  equally  poorly  sup¬ 
ported  assumptions,  and  that  it  is  difficult  to  ascribe  any  overwhelm¬ 
ing  advantage  to  any  of  the  assumptions,  we  may  assume  that  some  av¬ 
erage  of  the  values  of  rQ  obtained  will  be  the  most  probable  value.  In 
this  connection,  the  last  line  of  Table  12  gives  the  arithmetic  mean 
value  of  rQ  for  the  values  of  rQ  found  by  the  different  methods  for 
each  earthquake  energy  class  K. 


TABLE  12 

Comparison  of  Results  of  Various  Estimates  of  Focus 
Dimensions  rn  (in  Meters)  as  a  Function  of  the 

'■'v 

Energy  E  =  10  Joules 


II  a 

* 

IS 

2100  3200 

5200 

1500  2100 

2900 

1600  2900 

4000 

2100  4900 

9»0 

3000  9000 

1 

9000 

We  must  note  that  In  determining  the  focus  dimensions,  each  of 
the  estimates  carries  a  somewhat  different  interpretation  of  this  con- 
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cept.  Thus,  for  the  first  estimate,  we  found  the  linear  dimension  of 
the  region  in  which  the  major  portion  of  the  energy  developed  during 
the  earthquake  was  released;  for  the  second  estimate,  we  determined 
the  dimensions  of  the  focus  as  a  radiator;  in  the  third  estimate,  the 
region  of  inelastic  deformations  was  characterized.  Despite  the  fact 
that  we  should  not  expect  any  great  divergence  in  the  dimensions  of 
these  volumes,  any  averaging  of  the  results  of  these  basically  dif¬ 
ferent  estimates  is,  naturally,  arbitrary. 

It  follows  from  Table  12  that  the  foci  for  the  weakest  of  the 
earthquakes  considered  with  K  =  1-4,  have  dimensions  of  the  order  of 
tens  of  meters;  the  foci  of  weak  earthquakes  of  K  =  5-10  are  of  the 
order  of  hundreds  of  meters,  and  the  foci  of  perceptible  earthquakes 
of  K  -  11-15  are  of  the  order  of  several  thousands  of  meters.  The  data 
given  in  the  last  line  of  Table  12  may  be  represented  approximately  by 
the  following  empirical  formulas 

M  » 

r,  «=  15  or  r,  =  0.27  yi,,  (76) 

where  E  is  the  energy  for  the  reference  sphere,  Eq  is  the  total  seis¬ 
mic  energy. 

Extrapolating  this  function  to  destructive  earthquakes,  we  obtain 
a  figure  of  several  tens  of  kilometers,  which  is  in  rough  agreement 
with  data  available  on  surface  faults  occurring  during  strong  earth¬ 
quakes  [86,  121,  122,  153,  154].  The  problem  of  faulting  during  de¬ 
structive  earthquakes,  and  its  connection  with  energy  requires  special 
consideration,  however. 

Estimating  Focal  Slip 

If  we  know  the  way  in  which  focus  dimensions  depend  upon  earth¬ 
quake  energy,  it  is  possible  to  make  a  rough  estimate  of  the  amount  of 
slip  in  the  focus.  Here  we  assume  that  the  elastic  strains  relieved  by 
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the  earthquake  lie  in  the  focal  region,  and  that  the  value  of  e  for  the 
"relieved"  elastic  strain,  averaged  over  the  entire  volume,  will  equal 

_2i 

1C  .  Then,  in  order  to  relieve  this  strain,  a  displacement  in  the 
focus  of  1  =  er0  =  10  rQ  13  necessary.  Substituting  the  focus- 
dimension  vs.  energy  function  in  the  form  of  (76),  we  obtain 

•  » 

Icm  =  o,\$y“E  tr- Je<**3,7-i0',v^2;.  (77) 

This  estimate  clearly  gives  the  lower  limit  of  the  displacement 
in  the  focus,  since  the  volume  in  which  a  substantial  decrease  in 
elastic  strain  will  occur  will  be  greater  than  the  focus  value. 

Knowing  the  lower  limit  for  the  slip  in  the  focus,  we  are  able  to 
estimate  the  amplitude  at  the  focus  boundary,  i.e.,  to  find  the  maximum 
amplitude  of  the  elastic  vibrations.  To  do  this,  we  replace  r  in  for¬ 
mula  (72)  by  the  focus  dimensions  rQ  In  the  energy  function  (76);  for¬ 
mula  (72)  relates  the  maximum  amplitude  A  to  the  energy  E  on  the  ref¬ 
erence  sphere  and  the  hypocentral  distance  r.  We  then  obtain  a  value 
for  the  amplitude  at  the  focus  boundary  as  a  function  of  the  energy  in 
the  form 

ileji-O.WS*’"**.  (78) 

It  is  clear  that  the  displacement  in  the  focus  will  be  at  least 
several  times  greater. 

§3.  TOWARD  A  METHOD  0?  DETERMINING  THE  DYNAMIC  PARAMETERS  OP  EARTH¬ 
QUAKE  FOCI 

A  general  description  of  a  method  for  interpreting  seismic  ob¬ 
servations  so  as  to  determine  the  dynamic  parameters  of  earthquake 
foci  -  the  orientation  of  the  fault  plane  and  the  direction  of  focal 
slip  -  is  given  in  [88,  pp.  46-67);  see  also  [167,  168].  Below,  we 
will  describe  the  features  Involved  in  employing  this  method  under  the 
conditions  of  the  Garm  region. 

For  the  purposes  of  interpretation,  in  this  case  we  made  use  of 
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observations  from  a  network  of  eight  stations  (Fig.  89)  over  the  period 
from  January  1935  to  August  1957-  Treatment  of  the  earthquakes  was  car¬ 
ried  out  basically  from  records  of  four -component  azimuth  installa¬ 
tions  of  high-sensitivity  VEGIK  instruments,  which  had  the  seismograph 
axes  oriented  to  the  cardinal  points  of  the  compass,  and  inclined  at 
an  angle  of  to  the  horizon;  beginning  in  July  1956,  however, 
records  of  normal  three -component  VEGIK  installations  were  processed. 
Practloal  Interpretation  Arrangement 

In  basic  terms,  the  practical  interpretation  arrangement  reduces 
to  the  following.  For  each  station,  the  sign  of  the  seismic-wave  ar¬ 
rivals  was  determined,  as  were  the  directions  of  the  tangents  to  the 
rays  of  these  waves  at  the  hypocenter.  Stereographic  projections  of 
these  tangents  -  arbitrary  observation  points  -  were  plotted  on  a  Vul'f 
grid.  The  sign  of  the  appropriate  wave  arrival  is  placed  beside  each 
arbitrary  point.  Next, a  system  of  nodal  lines  is  drawn  on  the  Vul'f 
grid;  these  are  lines  separating  regions  with  different  arrival  signs. 
These  lines,  whose  configuration  should  satisfy  certain  theoretical 
conditions,  also  determine  the  dynamic  parameters  of  the  focus.  In 
particular,  the  line  y  =  0  at  which  all  waves  change  sign  upon  inter¬ 
section,  is  the  projection  of  the  fault  plane;  the  pole  of  the  line 
x  =  0,  separating  signs  of  the  longitudinal  waves  only,  is  the  projec¬ 
tion  of  the  slip  trend  (Fig.  90)- 

In  general,  it  is  possible  to  make  use  in  interpretation  of  not 
only  the  signs,  but  also  the  amplitudes  of  the  longitudinal  P  waves 
and  the  two  SH  and  SV  transverse -wave  components.  Under  the  conditions 
of  the  Qarm  region,  not  all  of  this  data  was  determined  with  sufficient 
reliability.  Thus,  we  were  unable  to  employ  the  displacement  ampli¬ 
tudes,  and  could  use  only  their  signs;  here  only  the  signs  of  the  P 

and  SH  waves,  which  remained  constant  over  their  entire  path  for  direct 
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Fig.  89.  Map  of  epicenters  for  earthquakes  In 
the  Garm  district  for  1955-1957.  for  which  the 
dynamic  focus  parameters  were  determined.  The 
triangles  indicate  seismic  stations;  the  solid 
and  open  circles  show  epicenters  of  earth¬ 
quakes  for  which  the  dynamic  focus  parameters 
were  or  were  not  determined  uniquely,  respec¬ 
tively.  l)  Vakhsh;  2)  Syrkhob;  3)  Garm;  4; 

Yald. ;  5)  Yang.;  6)  Dfr. ;  7)  Tovil'-Dora;  8) 

Ishtlon;  9)  Nmch. ;  10)  Chusal;  11)  Koksu;  12) 

Dzhail'gan;  13)  Surkhob;  14)  Oblkhinyuu 

or  refracted  waves,  as  well  as  for  the  refracted  head  waves  (possibly 
excluding  the  composite  waves).  Upon  refraction  at  intermediate  bound¬ 
aries,  the  SV  waves  may  change  their  sign;  this  occurs  with  especial 
frequency  when  the  angle  of  incidence  is  greater  than  the  critical 
angle;  thus,  we  make  no  use  of  them. 

In  addition  to  the  first  arrivals  (direct  or  head  refracted  waves) 
it  is  in  principle  possible  to  make  use  of  other  waves  in  the  inter¬ 
pretation;  reflected  waves,  various  composite  waves,  etc.  Unfortunately, 
in  the  district  under  consideration,  we  had  almost  no  success  in  at¬ 
tempting  to  isolate  waves  of  this  type  systematically,  although  in  sub¬ 
sequent  arrivals  on  the  records,  there  are  sometimes  very  distinct 

groups  of  intense  and  well  correlated  vibrations. 
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Fig.  90.  Representation  of  dy¬ 
namic  focal  parameters  on  com¬ 
pound  stereographic  projec¬ 
tions.  AA ' )  Projection  of 
fault  plane;  1)  azimuth  of 
fault-plane  dip;  2}  fault- 
plane  dip  angle;  3)  stereo¬ 
graphic  projection  of  slip  di¬ 
rection;  4)  angle  between  slip 
direction  and  trend  line  (meas¬ 
ured  in  dip  plane);  5)  angle 
between  slip  direction  and  hor¬ 
izontal  plane;  6)  azimuth  of 
slip  direction;  7)  arrow  from 
upthrown  fault  wall  (its  pro¬ 
jection  on  AA'  is  directed 
toward  3)» 

Thus,  in  the  Interpretation,  we  make  use  only  of  the  signs  of 
those  direct  or  head  refracted  P  and  SH  waves  that  represent  first  ar¬ 
rivals  with  respect  to  the  given  type  of  wave. 

With  the  given  number  and  arrangement  of  stations,  it  is  almost 
impossible  to  determine  uniquely  the  type  of  source  (dipole  with 
moment,  dipole  without  moment,  simple  force,  etc.),  which  acts  at  the 
focus.  Experience  gained  in  handling  earthquakes  under  other  condi¬ 
tions,  with  a  large  number  of  observation  points,  however,  permits  us 
to  assume  that  for  all  tectonic  earthquakes,  with  very  few  exceptions,  !  * 

i 

1 

the  source  will  be  equivalent  to  a  dipole  with  moment.  We  will  assume 
that  this  is  the  only  type  of  source  to  be  encountered  in  the  region 
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under  investigation. 

Analysis  of  Observation  System;  Statement  of  the  Problem 

The  possibility  of  uniquely  determining  the  parameters  of  a  pre¬ 
viously  chosen  focus  model  depends  essentially  upon  the  arrangement  of 
the  stations  with  respect  to  the  focus  under  investigation,  and  upon 
the  position  of  the  nodal  lines.  When  arbitrary  observation  points, 
for  example,  are  located  close  together  on  one  side  of  the  epicenter 
it  is  possible  to  make  a  unique  determination  of  the  dynamic  param¬ 
eters  only  for  those  foci  for  which  the  fault  plane  passes  between  the 
arbitrary  points.  Then  all  of  the  foci  studied  for  the  given  district 
will  have  a  common  fault-plane  trend.  This  will  be  explained,  however, 
not  by  the  actual  predominance  of  such  a  trend,  but  by  the  fact  that 
for  the  given  station  arrangement,  other  foci  cannot  be  studied  owing 
to  the  Inadequacy  of  the  observations. 

In  processing  observations,  and  especially  in  generalizing  the 
results  ob  ;ained,  it  is  necessary  to  see  whether  or  not  the  available 
observation  system  limits  the  possibilities  of  determining  the  ori¬ 
ented  fault  and  slip  planes  in  different  ways.  In  the  given  case,  we 
are  concerned  with  an  investigation  of  such  limitations  as  they  apply 
to  the  problem  of  studying  earthquakes  in  the  Garm  region. 

Method  of  Analysis 

The  investigation  was  carried  out  as  follows. 

1.  For  a  standard  arrangement  of  the  epicenter  on  a  Vul'f  grid, 
the  arbitrary  observation  points  were  plotted  corresponding  to  the  ex¬ 
pedition  stations  and  the  Central  Asia  regional  station  network  (it 
should  be  kept  in  mind  that  the  regional  stations  most  frequencly  reg¬ 
ister  head  refracted  P  waves  as  first  arrivals;  for  these  waves,  the 
azimuths  of  the  arbitrary  points  are  the  reverse  of  their  azimuths  at 
the  epicenter). 
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Fig.  91 •  Variant  dynamic  focus  parameters  for  which 
the  possibility  of  interpretation  with  the  avail¬ 
able  observation  system  was  investigated,  a)  Util¬ 
izing  the  Garm  network  and  regional  stations;  b) 
using  regional  stations  alone.  Given  for  the  cen¬ 
ter  of  the  fault  plane  (AA'  on  Fig.  90),  for  three 
possible  slip  directions. 


2.  There  were  30  possible  fault-plane  orientation  cases,  with 
three  possible  slip  directions  for  each  case,  9°  variants,  all-in-all 

(Pig.  91). 

3.  For  each  of  the  variants  in  Fig.  91,  nodal  lines  were  plotted, 
and  the  theoretical  signs  of  the  P  and  SH  waves  were  determined  at  the 
arbitrary  points. 

4.  The  accuracy  and  uniqueness  of  the  solution  for  the  converse 
problem  -  the  determination  of  the  nodal  lines  from  the  given  distrib¬ 
ution  signs  for  P  and  SH  —  was  evaluated.  In  practice,  the  given  nodal 
lines  were  erased,  and  the  normal  interpretation  by  signs  was  carried 
out  again.  If  the  error  turned  out  to  be  less  than  +20°,  it  was  as¬ 
sumed  that  the  version  considered  could  be  determined  with  the  given 

§ 

£ 

observation  system. 

\ 

\ 

Such  an  investigation  was  carried  out  for  three  regions  of  Pig. 

89  in  which  epicenters  were  concentrated:  I,  in  the  Peter  I  range;  II, 
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in  the  Gissar  Range,  north  of  Garm;  III,  In  the  Khait  district.  In  all 
cases,  the  depth  of  the  feel  was  assumed  to  be  10  km.  The  results  of 
the  investigations  are  shown  in  Fig.  92. 

A  similar  study  was  carried  out  by  T.  I.  Kukhtikova  for  a  case  in 
which  only  regional-station  observations  we re  used.  These  stations 
were  located  at  greater  epicentral  distances,  and  surrounded  the  dis¬ 
trict  under  investigation  in  more  uniform  fashion.  In  this  connection. 


e  c 
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Fig.  92.  Summary  of  dynamic  parameters  that  may  be 
determined  from  available  observation  system.  Heavy 
lines  indicate  versions  that  may  be  determined  from 
observations  of  the  Garm  TKSE  network  alone;  thin 
lines  show  versions  determinable  from-  observations 
of  the  Garm  network  and  the  Central  Asia  regional 
stations;  the  dashed  lines  indicate  versions  which 
cannot  be  determined  from  observations  of  the  TKSE 
and  regional  stations,  a)  Epicenter  in  Peter  I  range; 
b)  epicenter  in  Gissar  range,  north  of  Garm;  c) 
epicenter  in  Khait  distinct. 


it  was  sufficient  to  consider  any  single  epicenter  location  within  the 
Garm  district,  and  to  take  into  account  the  30  variants  shown  in  Pig. 
91b.  The  results  obtained  are  shown  in  Pig.  93* 

Characteristics  of  Observation  System 

As  a  result  of  the  analysis  performed,  it  is  possible  to  draw  the 
following  conclusions  as  to  the  possibility  of  studying  the  dynamic 
parameters  of  Garm  district  foci  from  the  available  observation  system. 


Fig.  93 •  Summary  of  dynamic 
parameters  that  may  be  deter¬ 
mined  from  regional-station 
observations.  Solid  lines  show 
versions  determinable  with  ade¬ 
quate  accuracy;  dashed  lines 
show  versions  that  cannot  be 
determined  with  sufficient  ac¬ 
curacy  or  uniqueness. 

In  order  to  investigate  group  I  of  foci  for  the  central  section 
of  the  Peter  I  range  (see  Fig.  89),  the  Garm  station  network  suffices. 
The  region  of  x-axls  emersion  —  the  direction  of  slip  in  the  focus  — 
is  quite  well  localized  In  almost  all  cases.  The  errors  normally  do 
not  exceed  +12°  for  its  azimuth,  or  +20°  for  the  inclination.  The 
greatest  accuracy  of  determination,  up  to  +15°,  is  possible  for  faults 
with  a  meridional  or  north-east  trend  and  a  steep  dip,  exceeding  30°. 
Faults  with  a  latitudinal  or  north-east  trend  and  dips  greater  than  30° 
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may  be  found  with  a  large,  but  permissible  error  of  up  to  +22°.  Faults 
with  a  gentle  dip  ranging  up  to  25-30°,  cannot  be  determined  with  suf¬ 
ficient  accuracy,  regardless  of  the  trend,  but  as  a  rule,  the  slip  di¬ 
rection  can  be  found. 

For  several  of  the  variants  investigated,  the  solutions  did  not 
turn  out  to  be  unique;  the  indeterminacy  is  easily  eliminated  by  using 
additional  observations  from  Kulyab  station  and  the  southern  stations 
of  the  Stalinabad  network.  Treatments  of  these  variants  were  not  en¬ 
countered  in  practice. 

Partial  and  very  inaccurate  determinations  of  focus  parameters 
for  two  other  sections  may  be  made  from  observations  of  the  Garm  net¬ 
work  alone.  For  the  group  II  foci  in  the  Gissar  range  north  of  Garm 
(see  Fig.  89),  only  faults  with  meridional  and  north-west  trends  and, 
as  before,  dips  of  at  least  30°  and  latitudinal  faults  with  dips  from 
10°  to  20°  are  determined.  Here  the  north-west  observation  points  are 
insufficient.  Among  the  group  III  Khait  foci,  only  faults  with  north¬ 
east  trends  and  dips  of  at  least  30°  are  well  interpreted.  Here  there 
are  not  enough  north  and  north-west  observation  points.  Thus,  it  is 
possible,  using  observations  of  the  Garm  network  alone,  to  see  whether 
or  not  there  are  faults  with  some  definite  orientation  in  sections  II 
and  III,  but  it  is  impossible  to  establish  which  dips  and  trends  pre¬ 
dominate  here. 

In  principle,  given  good  recording  equipment,  it  is  possible  to 
study  the  foci  of  the  entire  Garm  region  from  observations  of  the  Cen¬ 
tral  Asia  regional  stations  alone.  Experience  has  shown  [169]  that  the 
regional  stations  very  clearly  record  head  waves  from  the  subface  of 
the  earth's  crust  for  earthquakes  in  the  Garm  region.  As  a  rule,  it  is 
possible  to  utilize  observations  from  the  stations  at  Khorog,  Mur gab, 
Namangan,  Andizhan,  Chikment,  Naryn,  Tashkent,  Samarkand,  and  less  fre- 
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quently,  from  stations  at  Fergana,  Kulyab,  and  Stalinabad. 

Using  records  of  the  P  and  SH  head  waves  at  the  majority  of  these 
stations,  it  is  possible  to  obtain  quite  accurate  data  on  foci  having 
any  fault  trend,  provided  that  the  dip  angle  is  at  least  30°.  In  order 
to  investigate  more  gently  sloping  faults,  it  is  necessary  to  use  the 
direct-wave  records  at  relatively  distant  stations  such  as  Obi-Garm, 
Fergana,  Kulyab,  Kara-Su,  etc. 

On  the  whole,  the  observations  of  the  Garm  network  alone  provide 
enough  information  to  Investigate  the  dynamic  parameters  of  the  foci 
in  the  Peter  I  range  zone  alone.  In  order  to  Investigate  foci  in  the 
entire  Garm  region,  it  is  necessary  to  supplement  the  Garm  network  so 
that  these  stations  surround  the  eplcentral  sections,  or  else  to  util¬ 
ize  observations  both  from  this  network  and  from  the  regional  stations. 

At  the  present  time,  the  regional  network  records  only  relatively 
strong  earthquakes  from  the  Garm  region,  beginning  with  energy  classes 
K  =  10  or  11.  In  this  case,  however,  the  use  of  the  records  is  com¬ 
plicated  by  the  low  scanning  rate,  which  makes  it  difficult  to  separate 
the  phases  in  the  transverse  waves,  and  also,  sometimes,  by  the  inade¬ 
quate  sensitivity  of  the  equipment,  which  hampers  the  isolation  of  lon¬ 
gitudinal-wave  first  arrivals.  In  order  to  investigate  foci  of  these 
earthquakes  with  the  aid  of  the  regional  stations,  it  is  necessary  to 
install  high-sensitivity  equipment,  at  least  at  the  Obi-Garm,  Fergana, 
Khorog,  Murgab  stations. 

The  method  discussed  in  this  section  for  investigating  the  poten¬ 
tial  of  an  observation  system  may  be  of  interest  not  only  for  the  Garm 
region.  A  similar  Investigation  must  be  carried  out  for  any  large- 
scale  determination  of  dynamic  focal  parameters  of  any  district. 


i'Ir.  y i.  Wolocation  chart  1'or  Harm  region  rod  accoi-d- 
1  rii'  to  data  resulting  I'rom  evaluation  ol’  expeditionary 
observations  during  January  19‘j&  through  August  VJ'jf. 
'rtio  dashed  lino:;  Indicate  the  Tod  for  which  the  Inter¬ 
pretation  la  riot  too  reliable,  l)  Seismic  stations; 

,/j  major  laults;  A)  heavy  line  Bhowu  ascending  wing; 
li)  anrle  ol  Incidence;  H)  otrlko  azimuth;  D>  azimuth  ol’ 
horizontal  dislocation  projection;  li)  angle  ol'  disloca¬ 
tion  Inclination  to  horizon;  V)  discontinuity  plane. 
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§4.  DYNAMIC  FOCAL  PARAMETERS  FOR  EARTHQUAKES  OF  THE  QARM  REGION 
Characteristics  of  Initial  Material 

Among  the  observational  material  from  the  Garm  network,  records 
for  earthquakes  In  the  energy  classes  K  -  7-9,  and  for  the  Peter  I 
range  region  for  the  energy  class  K  =  6  were  examined.  Earthquakes  of 
K  =  10  and  higher  classes  were  almost  impossible  to  process,  since 
there  is  no  way  of  measuring  their  transverse -wave  displacements.  All- 
in-all,  420  earthquakes  were  examined  for  the  period  extending  from 
January  1955  to  August  1957.  Of  this  number,  233  earthquakes  were  se¬ 
lected  as  suitable  for  processing  (see  Fig.  89). 

Earthquakes  were  discarded  for  which  the  data  was  known  to  be  too 
scanty  to  permit  a  unique  interpretation,  for  which  it  was  difficult 
to  establish  the  nature  of  the  first  arrivals  for  the  longitudinal  and 
transverse  waves  (direct  or  diffracted)  at  several  stations,  and  earth¬ 
quakes  for  which  the  nature  of  the  first  arrivals  was  complicated  (for 
example,  fine  traces  prior  to  the  normal  wave  arrival). 

As  has  been  shown  before,  the  observation  system  utilized  is  most 
favorable  for  studying  earthquakes  in  a  section  of  the  Peter  I  range. 
Here  also,  however,  there  are  difficulties.  It  is  possible  that  for 
this  case,  at  small  epicentral  distances,  the  first  arrivals  will  rep¬ 
resent  head  refracted  waves  from  very  fine  and,  probably,  sloping  hor¬ 
izons.  It  is  not  possible  to  correlate  such  waves  and  establish  their 
nature  with  accuracy. 

A  consequence  of  the  difficulties  described  is  the  fact  that, 
first,  very  few  of  the  large  number  of  earthquakes  recorded  can  be  In¬ 
terpreted  In  a  well-defined  fashion  and,  second,  the  earthquakes  for 
which  it  is  possible  to  determine  the  dynamic  parameters  are  located 
Irregularly  over  the  area.  On  the  whole,  106  earthquakes  were  processed 
In  a  definite  manner,  and  of  these  59  were  reliable  and  47  not  com- 


pletely  reliable. 

Results 

The  data  obtained  on  dynamic  focal  parameters  of  earthquakes  are 
shown  in  the  form  of  a  map  of  dislocations  on  Fig.  9^. 
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Fig*  95a.  Summary  of  dynamic  parameters  for  earth¬ 
quake  foci  (Peter  I  range  region)  from  data  of 
Fig.  9^*  (Arbitrary  designations  the  same  as  for 
Fig.  90.) 

The  dislocations  shown  on  this  map  are  also  plotted  on  the  clearer 
compound  stereograph  it;  projection  of  Fig.  95. 

In  order  to  find  the  general  properties  of  the  entire  collection 
of  faults  studied  in  the  foci,  it  is  convenient  to  construct  vector 
diagrams  of  the  repetition  frequencies  for  the  strike  azimuths  and  dip 
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Pig.  95b.  Summary  of  dynamic  focal  parameters  for 
earthquakes  of  the  Glssar  range  region  from  data 
of  Pig.  94. 

angles  of  the  fault  planes. 

Figures  96  and  97  also  give  diagrams  constructed  from  all  of  the 
available  reliable  materials  (Fig.  94  and  [88])  for  the  Oarm  region  as 
a  whole,  and,  separately,  for  the  Peter  I  range  section. 

We  attempted  to  characterize  the  general  properties  of  disloca¬ 
tions  in  the  foci  studied,  first  for  the  entire  region  as  a  whole,  and 
then  for  the  Peter  I  range  section. 

Generalized  Data  for  the  Oarm  Region  as  a  Whole 

Let  us  oonsider  the  possibility  of  isolating  some  of  the  dominant 
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fault-plane  trend  and  dip  directions,  as  well  as  the  direction  of  slip 
in  foci  of  Garm-region  earthquakes. 


! 
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Fig.  96.  Vector  diagrams  of  fault- 
plane  trend,  a)  For  entire  Garm  re¬ 
gion;  b)  for  Peter  I  range  region. 

1.  Dominant  trends.  Figure  96a  clearly  shows  that  trends  at  35-^5° 
predominate;  they  are  roughly  longitudinal  with  respect  to  the  trend 
of  the  major  tectonic  structures. 

The  question  arises,  however,  as  to  whether  or  not  the  Irregular¬ 
ity  in  this  diagram  Is  random.  Let  us  first  assume  that  the  entire  mass 
of  dislocations  In  the  foci  of  the  given  region  are  distributed  uni¬ 
formly  over  the  azimuths,  l.e.,  that  any  azimuth  may  be  encountered 
with  equal  probability,  and  the  vector  diagram  of  the  trends  for  the 
foci  of  all  earthquakes  occurring-  here  over  a  given  period  of  time 
will  take  the  form  of  a  circle.  We  call  this  assumption  the  "hypotheal| 
of  uniformity."  If  the  hypothesis  of  uniformity  is  true,  the  exlstenoe 
of  the  maximum  on  91g.  96a  will  be  explained  as  a  product  of  the  ran- 


dom  nature  of  the  process:  among  the  group  of  foci  that  could  be  stud¬ 
ied,  the  majority  of  foci  arbitrarily  turned  out  to  have  the  same  def¬ 
inite  strike  azimuth. 

In  order  to  answer  the  question  posed,  it  is  necessary  to  evalu¬ 
ate  the  probability  that  the  hypothesis  of  uniformity  is  true,  and 
that  the  observed  nonuniformity  in  the  diagram  of  Fig.  96a,  to  plot 
which  we  selected  122  of  the  most  reliably  interpreted  foci,  appeared 

as  a  result  of  the  random  choice  of  the  foci  to  be  studied.  This  prob- 

o 

ability  may  be  evaluated  by  using  Pearson's  x  criterion. 
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Fig.  97 •  Vector  diagrams  of 
fault -plane  dip.  a)  Tor  entire 
Oarra  region;  b)  for  Peter  Z 
range  region. 

In  order  to  do  this,  we  divide  the  region  of  strifes  azimuth  vmria- 
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tion  A  (0°  <  A  <  l80°)  into  9  intervals  of  20°  each.  The  intervals  are 
numbered  in  sequence  from  1  to  9*  and  we  calculate  the  quantity 


where  n  is  the  number  of  observations  (in  our  case,  n  =  122);  m  is  the 
number  of  intervals  mentioned  above  (in  our  case,  m  =  9);  v  is  the  num¬ 
ber  of  foci  having  azimuths  falling  within  an  interval  with  the  number 
i;  n/m  is  the  number  of  foci  which  would  fall  into  each  of  the  m  in¬ 
tervals  if  the  distribution  were  uniform. 

p 

It  is  easily  seen  that  the  magnitude  of  x  characterizes  the  uni¬ 
formity  of  distribution  for  the  foci  studied  over  the  fault-plane 

p 

strike  azimuths.  As  a  matter  of  fact,  for  a  uniform  distribution,  x  = 
=  0,  since  all  of  the  v^  will  equal  n/m  (the  number  of  azimuths  in  all 
intervals  is  the  same,  and  equals  the  mean  value).  If  all  of  the  azi- 

p 

muths  lie  in  a  single  interval,  then  x  will  be  very  large  (-1000).  In 

2 

our  case,  calculations  yield  x  =  30* 

p 

Knowing  x  and  ra,  it  is  possible,  using  special  tables  [170],  to 
find  the  magnitude  of  the  probability  P  that  the  observed,  or  even 
larger,  nonuniformity  in  the  vector  diagram  will  appear  as  a  result  of 
the  random  choice  of  our  122  foci  out  of  the  mass  of  foci  distributed 
uniformly  with  respect  to  azimuths.  We  may  interpret  P  in  other  terms: 

P  is  the  probability  that  the  uniformity  hypothesis  is  correct  or, 
more  accurately,  that  if  this  hypothesis  holds,  the  nonuniformity  in 
the  vector  diagram  will  correspond  to  that  shown  in  Fig.  96a,  or  be 
even  greater. 

We  find  from  the  table  given  in  [170]  that  for  x2  >  26.125,  the 
value  of  P  Is  less  than  0.1£,  i.e.,  is  very  small.  Consequently,  the 
hypothesis  of  strike -azimuth  distribution  uniformity  Is  extremely  la- 
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probable,  and  the  longitudinal  trend  noted  In  Fig.  96a  actually  does 

predominate  in  the  foci.  This  conclusion  is  even  better  grounded  owing 

to  the  fact  that  the  observation  system  for  weak  earthquakes  was,  as  a 

whole,  unfavorable  to  the  detection  of  longitudinal  trends. 

In  earlier  earthquake  studies  for  this  region,  longitudinal 

trends  were  also  found  on  the  vector  diagrams.  The  application  of  the 
o 

X  criterion  to  these  diagrams  does  not  contradict  the  hypothesis  of 
uniformity  (P  turns  out  to  be  of  the  order  of  3C$).  This,  naturally, 
does  not  mean  that  faults  with  transverse  trends  do  not  exist:  it  is 
quite  evident  from  the  maps  (Fig.  9^  and  [88],  pp.  86,  87]),  that  they 
are  very  numerous.  The  question,  however,  as  to  what  degree  the  trans¬ 
verse  faults  may  be  assumed  to  predominate  remains  open,  pending  the 
accumulation  of  additional  material. 

2.  Dominant  dips.  On  Fig.  97a,  steep  dips  of  70-90°  clearly  pre- 

p 

dominate.  Application  of  the  x  criterion  shows  that  the  probability 
for  the  uniformity  hypothesis  in  the  dip-angle  interval  from  30°  to  90° 
is  less  than  1J6,  so  that  steep  dips  actually  do  predominate  in  this 
range.  According  to  §3,  however,  faults  having  dips  of  up  to  30°  are 
difficult  to  observe  with  the  observation  system  in  use,  so  that  there 
may  be  a  second  maximum  In  the  0  to  30°  range  on  Fig.  97a.  Judging 
from  the  data  of  [169],  however,  this  is  quite  Improbable. 

3.  Dominant  slip  directions  (Fig.  9*0-  In  separate  sections,  cer¬ 
tain  slip  directions  are  noted  to  predominate;  in  neighboring  grouss 
of  foci,  similar  directions  are  observed.  It  is  still  difficult,  how¬ 
ever,  to  obtain  more  definite  answers. 

generalized  Data  for  Peter  I  Range  Region 

The  dominant  fault-plane  strikes  in  this  region,  as  is  clear  from 

Fig.  96b,  have  azimuths  of  20-50°,  differing  somewhat  from  the  trend 

o 

of  the  range.  The  x  criterion  yields  a  value  P  <  7%  for  them,  so  that 


these  strikes  actually  do  predominate.  The  maximum  in  the  300-320° 

azimuth  range  is  so  slight  that  we  need  not  consider  it  important.  As 

to  the  fault-plane  dips  and  the  slip  directions,  we  can  only  repeat 

what  we  have  already  said  with  respect  to  the  region  as  a  whole. 

General  Comments  on  the  Determination  of  dynamic  Focal  Parameters  for 
Earthquakes  in'  the  Garm  Region 

Let  us  briefly  list  the  basic  features  and  results  of  the  deter¬ 
minations  discussed  in  §3  and  4. 

From  the  experience  gained  in  processing  data  from  the  Garm  re¬ 
gion,  it  was  found  and  shown  that  for  large-scale  research  into  dy¬ 
namic  focal  parameters  of  any  region,  it  is  necessary  to  make  a  spe¬ 
cial  investigation  as  to  whether  or  not  the  available  observation  sys¬ 
tem  permits  a  determination  of  all  possible  orientations  of  faults  and 
slip  directions.  Under  unfavorable  conditions,  entire  fault  systems 
may  go  undiscovered,  and  observed  regularities  may  prove  to  be  ficti¬ 
tious. 

It  was  found  that  in  utilizing  the  single  Garm  station  network  of 
the  expedition,  it  was  desirable  for  the  Garm  region  to  make  a  com¬ 
plete  study  of  foci  only  for  the  Peter  I  range  section,  and  for  the 
remaining  sections,  to  study  only  the  slip  directions.  For  a  more  com¬ 
plete  study  of  Garm  region  foci,  it  was  necessary  to  utilize  observa¬ 
tions  from  the  regional  system  of  stations. 

For  the  Garm  region  as  a  whole,  dominant  faults  were  found  with 
trends  ranging  from  30  to  60°,  roughly  parallel  to  the  trend  of  the 
major  structures,  and  with  dips  that  were  steep,  lying  in  the  70-90° 
range.  The  available  material  was  insufficient,  however,  to  permit  a 
Judgment  as  to  the  number  of  gently  dipping  faults  in  the  0-30°  range. 
The  region  also  displayed  faults  with  transverse  trends,  but  there  is 
still  not  enough  data  to  permit  a  reliable  judgment  of  their  relative 


number 


( 

In  the  Peter  I  range,  the  dominant  fault  trend  In  the  foci  dif¬ 
fered  only  slightly,  by  roughly  20-30°,  from  the  general  trend  of  the 
range  and  of  the  tectonic  structures. 


Manu¬ 
script  [ Footnote ] 

Page 

No. 

244  Starr  allowed  for  the  conditions  at  Infinity  for  the  stresses 

alone,  complicating  the  direct  employment  of  his  formulas 
for  displacements. 

[List  of  Transliterated  Symbols] 

238  sh  =  slnh 

th  ==  tanh 
ch  =*  cosh 

249  n  =  p  =  polnyy  =  total 

250  kpht  =  krit  =  kriticheskly  =  critical 

260  spr  =  erg 

a*  =  joules 

268  C  =  S  =  Severnyy  *  North 

269  TKCE  =  TKSE  =  Tadzhik  Integrated  Seismological  Expedition 
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Chapter  7 
SEISMIC  REGIME 

By  the  seismic  regime  of  any  region,  we  mean  the  totality  of 
earthquakes  for  this  region,  considered  in  space  and  in  time  [171]. 

At  the  beginning  of  this  chapter,  we  discuss  general  questions  of 
seismic -regime  investigation,  indicate  the  basic  characteristics  and 
parameters  of  a  seismic  regime,  and  consider  methods  for  treating  and 
representing  seismic-regime  material.  Next,  materials  are  given  deal¬ 
ing  with  the  basic  features  of  the  average  state  and  time  variation  in 
the  seismic  regime  for  the  Garm  and  Stallnabad  districts. 

Problems  dealing  with  the  spatial  arrangement  of  foci  in  the  re¬ 
gion  under  Investigation  (sections  and  maps  of  epicenters,  seismic- 
activity  maps),  although  relating  to  the  seismic  regime,  are  of  inde¬ 
pendent  interest.  They  are  considered  separately  in  a  special  chapter 
(Chapter  9),  where  district  seismicity  characteristics  are  given  in 
relation  with  the  tectonics  of  the  district. 

§1.  STATE  OP  THE  PROBLEM 

Seismologists  are  interested  in  space-time  relationships  among 
earthquakes.  Repeated  attempts  have  been  made  to  find  definite  regu¬ 
larities  for  these  complex  and  intricate  relationships.  Discovery  of 
such  regularities  would  be  extremely  helpful  in  perfecting  methods  for 
studying  seismicity  and  defining  seismic  districts,  as  well  as  In  seek¬ 
ing  methods  for  predicting  Intense  earthquakes. 

In  view  of  the  complexity  and  variety  of  these  relationships,  and 
in  connection  with  the  large  number  of  factors  upon  which  they  depend, 
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the  problem  of  studying  them  In  great  measure  acquires  a  statistical 
character.  Naturally,  this  problem  should  not  be  limited  Just  to  the 
formal  aspect,  to  the  sorting  of  observational  material  and  superficial 
comparison  of  phenomena;  the  task  should  also  include  the  establish¬ 
ment  of  causal  connections  among  earthquakes  themselves,  and  among 
earthquakes  and  other  phenomena.  The  establishment  of  empirical  rela¬ 
tionships  in  this  little-investigated  field  is  also  of  great  interest, 
however.  Two  main  trends  may  be  arbitrarily  distinguished  in  the  exam¬ 
ination  of  groups  of  earthquakes:  1)  the  study  of  the  temporal  course 
of  seismic  activity  and  2)  the  study  of  long-term  mean  seismicity  in¬ 
dices. 

The  Study  of  Seismicity  Variation  In  Time 

There  are  numerous  studies  of  seismic  statistics  and  seismic  ge¬ 
ology  where  seismicity  and  its  connection  with  other  factors  (time  of 
the  year,  lunar  phase,  etc.),  as  well  as  with  geological  structure  are 
chiefly  examined  descriptively  [64,  158,  172-186,  187,  etc. J.  Par 
fewer  studies  deal  quantitatively  with  general  laws  characteristic  of 
a  group  of  earthquakes  [107,  188-198]. 

Among  the  studies  of  the  latter  type,  which  present  the  greatest 
interest  to  us,  we  should  take  note,  primarily,  of  the  work  of  Benioff, 
who  studied  several  problems  dealing  with  the  accumulation  and  relief 
of  stresses  and  strains  in  connection  with  variations  in  total  earth¬ 
quake  energy  with  time.  In  his  papers  [188,  190]  this  question  is  con¬ 
sidered  with  respect  to  aftershocks  of  several  severe  earthquakes, 
while  in  papers  [191,  192],  it  is  discussed  in  the  light  of  the  most 
severe  earthquakes  occurring  in  the  world  over  the  past  several  decades. 
The  last  two  articles  deal  with  the  alternation  of  periods  of  rela¬ 
tively  Intense  and  relatively  light  seismic  activity. 

Studies  basically  of  a  descriptive  nature  [158,  178-183]  also  men- 


tion  many  observed  facts  dealing  with  the  variation  in  seismic  activity 
for  several  regions  ever  relatively  long  periods  of  time  (chiefly 
decades  and  centuries). 

Detailed  instrument  observations  of  seismic-shock  sequences  in 
time  have  been  carried  out  in  the  USSR  by  several  expeditions;  here 
seismic  stations  located  in  the  epicentral  zones  were  used  to  record 
local  earthquakes  [1,  4,  199-202,  etc.],  as  well  as  the  regional  sta¬ 
tion  network  in  the  Caucasus  and  North  Tien-Shan  [203].  Here,  no  firm 
connections  between  sequences  of  weak  seismic  shocks  and  subsequent 
violent  earthquakes  were  found.  Seismic  observations  were  also  carried 
out  in  studying  processes  associated  with  mine  shocks,  which  to  a  cer¬ 
tain  degree  are  similar  to  tectonic  earthquakes  [163].  It  was  found 
for  mine  shocks  that  they  normally  appear  against  a  general  background 
of  Increased  activity  of  weaker  shocks,  but  that  directly  before  a 
major  shock,  a  period  of  relative  calm  is  observed  in  the  majority  of 
cases.  These  mine  investigations  were  accompanied  by  laboratory  studies 
of  rock  specimens  and  other  materials  In  accordance  with  a  program  sim¬ 
ilar  to  that  used  for  detailed  field  investigations  of  earthquakes: 
investigations  were  made  of  the  sequence  of  shocks  appearing  at  vari¬ 
ous  stages  in  the  process  of  specimen  destruction  by  pressure;  the 
shock  repetition  rate  per  unit  time  was  determined,  as  well  as  the 
relative  energy;  the  frequency  spectra  of  seismic  vibrations  were 
studied  [162]. 

All  of  these  investigations  into  the  temporal  variation  of  seis¬ 
mic  properties  In  which  attention  is  concentrated  on  the  continuous 
temporal  variation  in  the  regime  are  quite  naturally  supplemented  by 
investigations  into  average  characteristics  that  vary  relatively  lit¬ 
tle  over  "long”  time  intervals. 
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Study  of  the  Laws  of  Long-Term  Average  Seismicity 

In  this  area,  there  is  one  very  Important  fact  relating  to  the 
general  properties  of  a  group  of  earthquakes.  It  has  long  been  known 
that,  on  the  average,  weaker  earthquakes  occur  more  often  than 
stronger  earthquakes.  Gutenberg  and  Richter  [64]  confirmed  this  fact 
by  a  quantitative  investigation  that  made  use  of  statistics  for  all 
intense  earthquakes  occurring  in  the  world  for  several  decades.  They 
plotted  graphs  of  N(M)  showing  the  distribution  of  the  number  N  for 
the  mean  frequency  of  repetition  or  recurrence*  (i.e.,  the  number  in 
unit  time,  for  example,  in  a  year)  of  earthquakes  in  specific  magni¬ 
tude  classes  M  and  the  depth  of  focus  as  functions  of  the  magnitude  M 
itself,  which  may  be  connected  in  a  specific  way  with  the  magnitude  of 
the  seismic  energy  E  at  the  earthquake  focus.  They  call  these  graphs 
"characteristic  seismicity  curves,"  although  seismicity  is  normally  a 
much  broader  concept  (this  rather  unfortunate  name  for  the  graphB  N(M) 
is  also  encountered  in  the  Soviet  literature;  see,  for  example,  [86], 
page  32).  In  the  future,  we  shall  here  speak  of  earthquake -recurrence 
graphs;  we  shall  have  in  mind  their  "energy"  form  N(E),  rather  than 
the  "magnitude"  form  N(M). 

It  was  found  that  when  the  earthquake  recurrence  distribution 
with  respect  to  energy  N(E)  over  several  years  is  represented  in  a 
log  E,  log  N  coordinate  system,  the  distribution  takes  the  form  of  a 
set  of  points  which  cluster  quite  densely,  although  with  a  known  dis¬ 
persion,  along  certain  curves,  which  approximate  straight  lines  over  a 
broad  energy  range.  For  shallow-focus  earthquakes  with  foci  within  the 
earth's  crust,  the  slope  of  the  curve  in  the  roughly  straight-line  por¬ 
tion  of  the  graph  is  y  -  -A  log  N/a  log  E  »  0.45;  for  intermediate  and 
deep  earthquakes,  the  slopes  are  close  to  this  value.  It  is  only  in  the 
region  of  maximum  earthquake-energy  classes  that  the  slopes  of  the 


curves  increase  noticeably. 

V. I.  Bune  [107,  198]  obtained  curves  of  N(E)  with  roughly  the 
same  slopes  in  the  approximately  linear  sections  for  moderate  and  in¬ 
tense  earthquakes  in  several  regions  of  the  Tadzhik  SSR,  using  materi¬ 
als  from  the  regional  seismic-station  network  over  a  25-year  period; 
for  especially  strong  earthquakes,  he  also  used  data  not  obtained  by 
instruments,  for  a  longer  period  of  time.  Kawasumi  studied  similar  re¬ 
lationships  in  Japan  [193#  194].  . 

A  theoretical  discussion  of  the  question  of  earthquake  recurrence, 
and  many  other  important  statistically  oriented  problems  in  the  phys¬ 
ics  of  earthquakes  are  given  in  the  interesting  paper  of  Housner  [121]. 
An  examination  of  strong-earthquake  recurrence  disregarding  energy  dis¬ 
tribution,  and  an  unsuccessful  attempt  to  construct  a  statistical  pre¬ 
diction  method  are  given  in  [204].  A  statistical  examination  of  earth¬ 
quake  aftershocks  is  given  in  [205-209]  and  several  other  papers.  A 
survey  of  the  literature  and  a  large  bibliography  dealing  with  ques¬ 
tions  of  earthquake  statistics  are  given  in  the  article  of  Aki  [209]. 

Particularly  broad-scale  seismic  observations  in  the  USSR  were 
undertaken  in  1959,  under  the  general  leadership  of  Academician  G.A. 
Gamburtsev  [4,  48,  82,  16-18,  200-203,  210-212].  The  TKSE  investiga¬ 
tions,  begun  under  his  direct  supervision  and  continued  by  his  students 
represent  a  further  development  of  work  in  this  direction.  A  brief  ex¬ 
position  of  the  results  obtained  by  this  expedition  in  studying  the 
seismic  regime  in  the  Garm  and  Stalinabad  districts  of  the  Tadzhik  S8R 
during  the  1955-1957  period  has  been  published  in  [171].  Associated 
problems  were  also  dealt  with  in  several  other  articles  [213-216].  Be¬ 
low  we  give  a  more  detailed  exposition  of  problems  relating  strictly 
to  the  seismic  regime.  Prior  to  the  discussion  of  the  actual  material, 
we  will  present  some  of  the  general  ideas  and  definitions. 


§2.  GENERAL  REPRESENTATION  OF  SEISMIC  REGIME  AND  ITS  CHIEF  CHARACTERISTICS 

The  main,  and  at  the  same  time  simplest,  geometric  (or  kinematic) 
characteristics  of  the  focus  for  each  separate  earthquake  are  the  hypo- 
center  coordinates  x,  z  and  the  time  tQ  at  which  the  earthquake  ap¬ 
pears. 

The  chief  dynamic  characteristic  of  an  earthquake  is  its  seismic 
energy  E,  i.e.,  the  energy  of  the  seismic  waves  leaving  the  focal  re¬ 
gion.  The  set  of  the  five  quantities  (x,  y,  z,  t,  E)  gives  the  simplest 
quantitative  physical  description  of  each  individual  ith  earthquake 
with  respect  to  its  focus.  In  this  sense,  each  ith  earthquake  may  con¬ 
ventionally  be  represented  by  a  five-dimensional  magnitude.  In  the 
five -dimensional  space  with  measurements  of  x,  £,  z,  t,  and  E,  each 

earthquake  may  be  represented  by  a  point  with  appropriate  coordinates 
(x,  y,  z,  t,  E)r 

It  would  also  be  possible  to  use  other  quantities,  forming  a 
larger  or  smaller  set,  to  characterize  each  individual  earthquake; 
thus,  for  example,  it  would  be  possible  to  add  to  the  five  quantities 
mentioned  several  other  magnitudes  determining  the  dynamic  focal  param¬ 
eters,  its  spectral  characteristic,  etc. 

On  the  other  hand,  it  is  possible  to  exclude  some  of  the  five 
quantities  mentioned  in  individual  cases,  for  example,  the  energy  E  or 
the  focal  depth  z.  But,  for  the  sake  of  concreteness,  we  will  assume 
that  we  are  dealing  with  a  space  n  =  in  the  sense  indicated. 

In  the  space  n,  the  seismic  regime  will  clearly  be  represented  by 
the  set  of  all  points  representing  individual  earthquakes.  These  points 
are  discontinuous  In  the  given  space;  there  are  open  intervals  between 
them. 

The  problem  of  studying  the  seismic  regime  is  now  reduced  to  clar¬ 
ifying  the  features  of  this  point  distribution  in  the  space  H,  and  to 
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establishing  the  laws  to  which  this  distribution  conforms.  This  anal¬ 
ysis  nay  be  carried  out  either  by  direct  examination  of  the  discrete 
points  themselves  (x,  y,  z,  t,  E)^  or,  more  conveniently,  by  way  of 
certain  intermediate  functions  of  the  continuous  arguments  x,  z,  t, 

E  -  the  coordinates  of  the  space  H  —  functions  which  give  the  general 
distribution  curve  for  the  points  (x,  y,  z,  t,  E)^. 

Earthquake  Density 

The  most  complete  characterization  of  the  seismic  regime,  which 
reflects  directly  in  generalized  form  a  general  representation  of  the 
regime  as  a  set  of  points  in  the  space  Ik,  is  the  density  N#  of  earth¬ 
quakes  in  this  space,  i.e.,  the  distribution  density  for  the  number  of 
earthquake  "points"  in  the  physical  space  x,  z  in  time  t  with  re¬ 
spect  to  energy  E.  The  density  N*  =  n/AH,  where  All  is  some  elementary 
"volume"  of  the  space  n,  and  n  is  the  number  of  earthquake  points  fall¬ 
ing  within  this  elementary  volume.  The  calculated  density  values  of  N# 
are  ascribed  to  the  centers  of  the  these  volumes.  In  the  future,  we 
shall  assume  by  convention  that  the  quantity  N*  varies  smoothly  as  a 
function  of  the  points  in  the  space  H,  taking  the  numerical  values  in 
the  centers  of  the  volumes  All.  Thus,  the  representation  of  the  quan¬ 
tity  N#  is  smoothed.  There  are  methods  for  calculating  the  points  and 
smoothing:  the  use  of  partially  overlapping  or  sliding  volume  elements 
All  having  sharp  boundaries  (in  the  one -dimensional  case  —  the  sliding- 
interval  method);  the  method  that  uses  sliding  volumes  AH  with  "dif¬ 
fuse"  boundaries.  The  choice  of  a  particular  method  for  calculating 
the  earthquake  density  N#  should  be  made  on  the  basis  of  the  actual 
conditions  involved  in  the  geophysical  problem  of  investigating  a  given 
set  of  earthquakes.  In  particular,  in  establishing  the  dimensions  and 
shape  of  the  AH  volumes  In  the  physical  space  x,  j,  z,  it  is  necessary 
to  allow  for  the  geological  and  geophysical  conditions  in  the  investi- 


gated  district:  the  trend  direction  and  dimensions  of  the  tectonic 
structures  of  major  folded  features,  deep-fracture  zones,  etc.,  the 
shape  and  position  of  earthquake  focal  zones,  etc. 

Earthquake  Recurrence 

The  earthquake  recurrence  N  in  a  specific  energy-variation  inter¬ 
val  in  a  specific  spatial  volume  x,  z  is  directly  connected  with 
the  earthquake  density  N*  in  n^.  If  At  is  a  unit  time  interval,  the 
relationship  will  take  this  form:  N N,dx-dy -dt-dB,  the  region 

of  integration  fi  extends  over  the  given  spatial  volume  x,  jr,  z  and  the 
energy- variation  interval  E  of  the  earthquakes.  The  recurrence  N  thus 
determined  represents  an  average  for  the  given  time  interval  At  =  1. 

We  let  w  be  the  volume  of  the  entire  region  fi  in  the  space  x, 
z,  E.  We  then  find  N  =  TJ#a>,  where  is  the  mean  density  N»  in  this 
volume.  If  the  region  of  the  physical  space  x,  z  and  the  energy- 
variation  range  E  is  fixed,  then  the  mean  density  for  the  earth¬ 
quakes,  and  their  recurrent  N,  will  differ  only  by  a  constant  factor 
to  =  const,  which  will  have  the  dimensions  of  L^E. 

For  a  fixed  spatial  region  x,  z  and  various  "classes"  AE  of 
energy  E,  to  each  energy  class  E  =  E^  [where  E^  is  some  mean  energy 
value  within  the  range  AE  (normally  at  the  central  point  of  the  inter¬ 
val  on  the  E  axis,  with  the  values  of  E  plotted  in  a  logarithmic  scale)] 
there  corresponds  a  particular  recurrence  value  N  **  N^,  so  that  N  - 
=  N(E).  This  is  essentially  the  same  earthquake-recurrence  vs.  energy 
relationship  studied  by  Gutenberg  and  Richter  [64,  186],  Kawasumi  [193, 
194],  Bune  [107,  193],  etc.- 

In  place  of  the  recurrence  N  Itself,  which  is  not  normalized  with 
respect  to  a  specific  area  or  depth,  i.e.,  with  respect  to  the  volume 
of  the  region  in  which  the  foci  are  located,  it  is  more  convenient  in 
such  cases  to  consider  the  density  N*  for  recurrence,  or  the  normalized 


recurrence,  which  equals  the  distribution  density  for  the  number  of 
earthquakes  in  n^,  per  unit  element  All  of  this  space,  defined  by  the 
unit  intervals  Ax,  Ay,  Az,  At,  and  the  given  energy  class  E.  In  future, 
for  the  sake  of  brevity,  we  shall  call  this  simply  the  recurrence, 
adding  the  term  "normalized"  where  necessary. 

Going  from  the  nonnormalized  recurrence  magnitudes  to  the  normal¬ 
ized  N*,  we  make  no  change  in  the  slope  y  of  the  recurrence  distribu¬ 
tion  curve  with  respect  to  earthquake  energies,  which  is  plotted  in  a 
double  logarithmic  coordinate  system;  at  the  same  time,  we  are  now 
able  to  compare  the  seismic  activities  of  the  regions,  which  are  de¬ 
termined  by  the  absolute  values  of  the  numbers  N*. 

Recurrence  Graph  and  Recurrence  Parameters  A  and  y 

In  plotting  the  recurrence  graph,  we  refer  the  number  of  earth¬ 
quakes  to  the  selected  energy- logarithm  range,  ascribing  this  number 
Nk  to  the  geometric  center  of  the  interval  ER.  For  energy-value  inter¬ 
vals  E'k,  the  ordinate  N'K  refers  to  the  energy  interval  having  the 
same  width,  but  with  center  at  point  E'K. 

It  is  necessary  to  emphasize  that  In  the  entire  discussion  we  a re 
speaking  of  logarithmically  equivalent  energy  intervals;  A  log  E  = 

=  const.  In  seismology,  as  a  rule,  A  log  E  =  1  and  Njj  equals  the  num¬ 
ber  of  earthquakes  with  energies  lying  in  the  range  log  E^  +  0.5*  Any 
other  choice  of  constants  will  lead  to  a  decrease  in  the  level  of  the 
curve  N(E).  At  the  same  time,  any  other  method  of  selecting  the  energy 
intervals  (for  example,  AE  =  const),  equivalent  to  classifying  earth¬ 
quakes  by  some  other  dynamic  parameter  -  by  the  magnitude  M,  amplitude 
A,  etc.  -  will  lead  to  a  decrease  in  the  values  of  y . 

Experience  gained  in  earthquake  studies  has  shown  that  within  the 
energy-variation  range  under  study,  the  angular  coefficient  y  - 
=  -a  log  N»/A  log  E  is  constant. 


The  lower  limit  of  energy  E  for  which  linear  interpolation  ie  pos¬ 
sible  coincides  in  practice  with  the  minimum  energy  of  those  "represen¬ 
tative"  earthquakes  which  can  be  treated  completely  with  the  available 


observation  system.  The  upper  limit  for  E  is  more  difficult  to  deter¬ 
mine,  owing  to  the  infrequency  of  severe  earthquakes.  It  is  sometimes 
indicated  by  a  bend  in  the  curve  N*(E)  observed  in  this  region,  but 
most  frequently,  we  simply  break  off  the  straight-line  curve  N*(E)  at 
some  maximum  earthquake  energy  observed ^in  the  given  district  or  neigh¬ 
boring  districts  having  similar  geological  and  geophysical  conditions. 
Allowing  for  these  limitations,  we  may  use  each  N*(E)  curve  to  deter¬ 
mine  two  quantities:  the  recurrence  value  N*  for  each  fixed  class 
K  =  of  earthquake  energy,  which  is  best  chosen  within  a  region 

for  which  the  recurrence  curve  N*(E)  is  clearly  linear,  and  the  param¬ 
eter  y. 

If  the  slopes  y  of  curves  N*(E)  for  various  sections  of  some  spa¬ 
tial  region  x,  z  are  nearly  the  same  (this  Is  true  of  the  over¬ 

whelming  majority  of  sections  in  the  district  with  which  the  expedi¬ 
tion  worked),  then  in  order  to  conqpare  the  characteristics  of  the  mean 
seismic  activities  for  these  regions,  it  is  sufficient  to  compare  the 
appropriate  numbers  A  =  N*  for  the  fixed  class  K  =  of  earth¬ 
quake  energy.  The  number  A  =  N*  ^  which  under  our  conditions  repre¬ 
sents  a  general  index  to  the  level  of  seismic  activity,  or  a  measure 
of  the  seismic  activity  in  the  region  under  consideration,  will  be 
called,  for  the  sake  of  brevity,  the  "activity. " 

In  practice,  it  is  convenient  to  determine  the  activity  A  for  a 
sufficiently  representative  earth  quake -energy  class  K«».  for  a 

class  that  is  sufficiently  numerous,  and  sufficiently  free  from  the 
influence  of  station-network  arrangement.  Ih  this  case,  the  quantity  A 
is  determined  from  the  earthquake  recurrence  not  only  for  the  class 
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K^,  but  also  with  an  allowance  for  other  classes,  utilizing  the  av¬ 
erage  line  for  the  recurrence  graph,  on  its  straight-line  portion. 

We  may  provisionally  compare  the  seismic  activities  A  of  regions 
even  in  the  case  in  which  the  slopes  y  of  the  curves  N*(E)  are  not  the 
same;  here,  however,  these  regions  should  be  characterized  by  the 
values  of  both  parameters  A  and  y,  since  the  ratio  of  activities  will 
depend  upon  the  choice  of  the  fixed  class  K^0'. 

In  the  general  case,  the  seismic  activity  A  should  be  referred  to 
some  volume  in  the  physical  space.  Ax* Ay  Az.  In  this  sense,  it  is  pos¬ 
sible  to  speak  of  the  volume,  seismic  activity.  But  in  many  cases, 
where  there  is  no  need  to  consider  the  way  in  which  A  depends  upon 
depth,  all  earthquake  foci  can  be,  as  it  were,  placed  in  the  horizon¬ 
tal  plane  x,  y,  and  the  activity  A  will  then  refer  to  a  certain  area 
on  this  plane.  In  such  cases,  it  is  possible  to  speak,  conventionally, 
of  the  surface  seismic  activity. 

Under  the  conditions  prevailing  in  the  Garm  and  Stalinabad  dis¬ 
tricts,  where  there  is  a  relatively  dense  network  of  high-sensitivity 
stations,  and  a  quite  high  seismic  activity  is  observed.  It  is  con¬ 


venient  to  take  as  the  unit  of  seismic  activity  the  recurrence  N*  ,Q\ 

(o)  K' 

of  earthquakes,  equal  to  one  class  7  earthquake  (Kv  '  =7)  of  energy 
E  =  l07«>-5  Joules  per  year  in  a  volume  of  10  x  10  x  10  km^  for  the 
volume  surface  activity,  and  an  area  S  =  10  x  10  =  100  km2-  for  the. 


surface  activity.  We  call  this  unit  Ay  (the  subscript  corresponding  to 
K  =  7)*  In  view  of  the  fact  that  in  these  districts,  the  zones  in 


which  the  majority  of  foci  are  located  at  a  depth  z  amount  to  about 
10  km,  the  numbers  A  «  nearly  coincide  for  the  volume  and  surface 
seismic  activity.  In  this  case,  clearly,  there  Is  no  point  In  specify¬ 


ing  at  every  occurrence  precisely  which  activity  we  are  speaking  of. 


the  volume  activity  or  the  surface  activity.  This  is  necessary,  how- 


ever,  where  the  earthquake  foci  range  over  a  broad  depth  interval,  and 
their  depth  distribution  cannot  be  excluded  from  consideration. 

In  districts  having  a  more  tenuous  station  network  provided  with 
the  same  equipment,  for  which  earthquakes  of  energy  class  seven  cease 
to  be  representative,  it  is  more  convenient  to  select  an  activity  unit 
that  is  constructed  in  accordance  with  the  same  general  principle  as 
A^,  but  which  refers  to  some  higher  class  that  is  more  representative 
under  these  conditions.  At  the  same  time,  it  is  sensible  to  increase 
the  reference  volume  or  area.  Letting  the  superscripts  (1)  indicate 
quantities  in  the  "old"  activity  unit,  and  the  superscripts  (2)  in  the 
"new"  unit,  it  is  possible  to  write  the  following  formula  for  the  re¬ 
lationship  between  these  units 

(79) 

This  formula,  naturally,  may  also  be  employed  to  construct  new  activity 
units  applicable  to  more  detailed  observations. 

Where  less  detailed  observations  are  available,  it  is  possible  to 
propose  the  unit  of  seismic  activity  A1Q,  which  represents  a  mean 
earthquake  recurrence  equal  to  one  class  ten  earthquake  of  energy  E  a 

10+0  e  ji  o 

=  10  —  joules  per  year  in  a  volume  of  10  kmJ  for  the  volume  sels- 

o 

mic  activity,  and  for  an  area  S  =  1000  km  for  the  surface  activity. 
Substituting  the  values  adopted  for  A^  and  A10  into  the  preceding  for¬ 
mula  and  assuming  that  7  =  0.43,  we  obtain  A^/A^  =*  1*95#  i.e.,  the 
unit  A iq  is  roughly  twice  as  large  as  the  Kj  unit.  Accordingly,  the 
activity  of  exactly  the  same  district  for  which  7  «  0.43  will  be  ex¬ 
pressed  in  A10  units  by  numbers  half  as  large  as  those  in  kj  units. 

The  quantity  A  =*  A(x,  y,  z)  may  be  used  to  construct  maps  (in  the 
jgg  plane)  or  sections  (in  the  xz  plane)  of  seismic  activity,  as  well 
as  graphs  (in  the  xt  plane)  for  the  variation  in  seismic  activity  with 
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time  t,  and  in  the  space  along  some  line  x.  In  all  of  these  cases,  the 
points  in  the  xy,  xz,  or  xt  planes  are  assigned  the  mean  values  of  A 
obtained  by  integration  over  the  volumes  enclosing  these  points.  In 
constructing  such  maps  and  other  similar  graphs,  it  is  possible  to 
make  use  of  data  on  earthquakes  of  other  classes  than  the  class  for 
which  A  has  been  defined  formally.  Chapter  9  gives  concrete  methods 
for  constructing  seismic-activity  maps,  allowing  for  this  last  fact, 
and  also  shows  such  maps. 

Seismic -Energy  Density  for  Earthquake  Foci 


In  addition  to  the  earthquake  recurrence  N*  and  associated  quan¬ 
tities  (the  slope  y  of  the  recurrence  curve  and  the  seismic  activity  A), 
it  is  possible  to  use  the  seismic-energy  density  E*  for  earthquake 
foci  in  the  space  with  coordinates  x,  y,  z,  t,  E  to  characterize  a 
seismic  regime.  By  the  density  E*,  we  mean  the  function  E*(x,  y,  z,  t, 
E),  defined  as  follows: 

it  __  T-  y. 

~  Air  ~  aif  ~  * 

where  ZE  represents  the  sum  of  the  seismic  energies  for  all  earthquake 
foci  located  in  the  elementary  volume  An  of  the  space  n^;  E  is  the 
mean  energy  value  for  an  individual  earthquake,  corresponding  to  this 
volume.  The  magnitude  E*  has  the  dimensions  L-8T”^. 

Associated  with  E*  is  the  volume  work  density  for  the  flux  of 
total  seismic  energy  of  the  earthquake  foci  in  physical  space. 


w  =  \  trdL,  l80' 

£■ 

where  and  Eg  are  the  limits  of  that  earthquake  energy- variation  re¬ 
gion  within  which  the  work  is  being  computed.  In  the  most  interesting 
special  case,  E^  «  0  and  Eg  =»  «.  It  is  clear  from  physical  considera¬ 
tions  that  the  quantity  W*  should  be  finite  in  this  case. 


320  . 


1  If  in  the  space  x,  z,  we  isolate  the  region  V  having  a  volume 

v,  the  work  W  of  the  earthquake  foci  in  this  volume  will  equal 

W  =*\\Ymds-dy-tls~  »V*r,  C®1) 

r 

where  TJ*  is  the  mean  work  density  in  this  volume  of  physical  space  for 
the  given  range  of  energies  E.  . 

If  we  arbitrarily  place  the  earthquake  foci  on  the  horizontal  x,£ 
plane,  then,  as  in  the  case  of  the  seismic-activity  surface  dealt  with 
above,  it  is  possible  to  speak  of  the  surface  work  density  for  earth¬ 
quake  foci.  This  quantity  may  be  represented  by  an  expression  similar 
to  (81).  In  essence,  this  is  precisely  the  quantity  proposed  in  [217- 
219]  for  a  quantitative  evaluation  of  seismic  regions,  and  for  corres¬ 
ponding  mapping;  the  quantity  is  determined  with  no  upper  limit  (Ej^  = 

=  0,  Eg  *  «)  of  integration,  i.e.,  the  quantity  involves  the  summing 
of  the  energy  of  nearly  all  earthquakes  observed.  It  is  possible  to  use 
the  logarithm  of  this  quantity  for  the  same  purpose;  this  is  sometimes 
called  the  "coefficient  of  seismicity"  (see  [107,  198,  220]).  We  note 
that  for  seismicity  mapping  purposes,  it  is  also  suggested  that  the 
square  roots  of  the  seismic  energies  be  summed  [221-223],  in  the  spirit 
of  Benioff *s  work  [188-192],  or  that  the  magnitudes  M  be  employed  [224] 
after  Gutenberg  and  Richter  [63,  96];  both  of  these  methods,  however, 
clearly  have  a  less  obvious  physical  interpretation. 

A  convenient  property  of  the  energy  quantities  E*,  W*,  etc.,  is 
their  ability  to  be  summed  or  integrated  directly  over  any  energy- 
change  limits,  while  quantities  associated  with  the  recurrence  N*,  etc., 
can  reasonably  be  summed  directly  only  within  quite  narrow  energy- 
(  f  variation  Intervals.  It  should  be  kept  in  mind,  however,  that  in  order 

to  utilize  this  characteristic  of  the  energy  quantities,  we  must  know 

* 

the  recurrence  curve  N(B)  in  full,  including  the  region  of  possible 
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and  not  only  in  the  straight- 


bends  in  the  curve  where  E  -*  0  and  E  -*  *, 
line  region  y  =  const.  The  fact  of  the  matter  is  that  for  the  y  =  const 
case,  the  energy  integral 

O'- 

II  *  .  -  ^  E,  (82) 

taken  over  infinite  limits,  diverges  for  any  numerical  values  of  y. 

Thus,  we  assume  that  the  work  density  for  the  earthquake  foci  of 

E 

some  fixed  class  K  of  energy  E#is  a  fixed  finite  quantity  W*Q  =  W*  EP, 

a 

where  E  and  E„  are  the  boundaries  for  this  class.  We  shall  assume,  as 

Q.  p 

is  normally  done,  that  the  classes  correspond  to  orders  of  magnitude 
of  energy,  i.e.,  the  mean  energies  E  for  individual  earthquakes  in  two 
neighboring  classes  will  differ  by  a  factor  of  10.  Let  us  initially 
assume  that  y  -  1,  i.e.,  that  the  number  of  earthquakes  N  for  neighbor¬ 
ing  classes  also  will  differ  by  a  factor  of  10,  but  with  the  converse 
relationship:  there  are  10  times  fewer  strong  earthquakes  than  weak 
earthquakes.  In  this  case,  clearly,  the  total  energy  for  all  the  earth¬ 
quakes  will  be  the  same  for  both  classes  and  equal  to  NE  =  cW*Q  (here 
c  =  const  is  a  dimensional  coordination  factor).  The  same  will  hold 
true  for  any  class  of  this  sequence.  If  the  earthquake  classes  form  an 
infinite  sequence  in  both  directions  from  a  given  class  K,  then  the 
total  energy  of  all  earthquake  classes  will  rise  without  limit  in  both 
directions  from  this  class  (both  in  the  direction  of  stronger  earth¬ 
quakes  and  weaker  earthquakes)  and,  consequently,  the  integral  (82) 
will  diverge.  Let  us  now  assume  that  y  >  1.  This  will  lead  to  an  in¬ 
crease  in  the  numbers  of  weak  earthquakes,  which  will  only  Intensify 
the  divergence  of  the  energy  sums  in  this  direction.  In  like  manner, 
the  assumption  that  y  <  1  will  lead  to  an  intensification  of  energy 
divergence  in  the  strong-earthquake  direction.  Thus,  the  energy  integ¬ 
ral  (82)  will  diverge  for  any  values  of  y  =  const. 
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Practically  speaking,  in  the  linear  section  of  the  recurrence 
curve,  the  quantity  y  will  normally  amount  to  y  *  0. 4-0.5  (i.e. ,  y  < 

<  1),  so  that  the  energy  integral  will  diverge  sharply  in  the  stronger- 
earthquake  direction.  This  is  also  associated  with  the  fact  that  in 
this  energy  range,  an  evaluation  of  seismicity  in  accordance  with  a 
total  energy  index  is,  as  a  rule,  quite  unstable:  each  strong  earth¬ 
quake  will  sharply  change  the  estimate  of  district  seismicity.  Seis¬ 
micity  evaluations  making  use  of  quantities  associated  with  recurrence 
(the  seismic  activity  A),  are  normally  incomparably  more  stable,  which 
represents  a  clear  practical  advantage  for  this  method  of  evaluation, 
especially  for  purposes  of  defining  long-term  district  seismicity. 

It  is  clear  from  physical  considerations  that  there  can  be  no  un¬ 
limited  work-flux  densities  W*  for  the  total  seismic  energy  of  earth¬ 
quake  foci.  It  follows  from  this  that  the  assumption  made  as  to  the 
infinite  linear  prolongation  of  the  recurrence  curve  N(E),  i.e.,  that 
is  a  rule  that  y  =  const  for  y  <  1  in  the  strong -earthquake  direction, 
while  y  =  const  for  y  >  1  in  the  weak-earthquake  direction,  is  a  bad 
assumption. 

Here  we  shall  leave  aside  the  question  of  the  behavior  of  the  re¬ 
currence  curve  N(E)  in  the  weak-earthquake  region,  noting  only  that 
for  values  of  y  normally  observed,  the  total  effect  of  all  weak  earth¬ 
quakes  upon  the  general  energy  balance  of  earthquakes  is  slight.  Strong 
earthquakes  play  a  decisive  role  in  this  balance,  and  thus  the  ques¬ 
tion  of  the  behavior  of  the  N(E)  curve  in  this  region  is  in  principle 
of  great  interest. 

For  catastrophic  earthquakes  occurring  over  the  entire  world, 
this  question  is  answered  by  the  graphs  of  Gutenberg  and  Richter  [64] 
(see  also  Fig.  108  in  $4  of  this  chapter).  It  is  still  not  clear,  how¬ 
ever,  how  stable  the  shape  (slope)  of  the  N(S)  curve  is,  especially  in 


the  high-energy  region,  for  different  districts.  In  particular,  for 
the  Garm  and  Stalinabad  districts,  observational  materials  obtained  by 
our  expedition  within  a  relatively  short  period  of  time,  and  Including 
no  reliable  information  on  strong  earthquakes  naturally  can  shed  no 
light  upon  this  problem.  When  the  actual  behavior  of  the  N*(E)  rela¬ 
tionship  in  the  high-energy  region  under  the  possibly  different  condi¬ 
tions  of  individual  districts  has  been  clarified,  and  the  function  y  = 
=  <y(E)  in  this  region  is  established  with  adequate  reliability,  the 
integral  energy  curves  for  W*  of  the  seismic  regime  may  receive  broad 
practical  application. 

The  work  density  W*  of  earthquake  foci  is  associated  with  the  re¬ 
currence  N*  by  the  following  relationship 

oo 

W*  =  ^  /CA  VA'.  (83) 

_!oo 

IT 

where  N*  =  dn/dK,  E  =  10  ,  n  is  the  number  of  earthquakes  per  unit 
volume  of  the  space  D^.  As  soon  as  the  function  N*(E)  is  known  —  it  is 
given  by  the  recurrence  graph  —  formula  (83)  may  be  used  to  calculate 
the  mean  value  of  W*  with  greater  stability  than  is  the  case  for  nor¬ 
mal  "energy  flux"  calculations  for  earthquake  foci  by  means  of  direct 
summation  of  the  energy  E^  for  all  Q  earthquakes  observed  in  a  given 
area  S  for  a  given  time  t 

w*  =  -kiE'- 

We  note  that  a  similar  approach,  making  vise  of  the  law  of  recur¬ 
rence,  is  also  possible  for  calculating  the  "arbitrary  strains"  e,  in¬ 
troduced  in  Benioff's  discussion  [188-192].  In  analogy  with  (83),  we 
may  write  for  the  mean  value  of  e 

00 
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This  formula  may  be  used  to  obtain  more  stable  mean  values  of  e,  re¬ 
placing  the  simple  summation 

-As  to 

Of  especial  importance  is  the  problem  of  utilizing  the  energy 
magnitudes  for  a  clear  representation  of  the  seismic-regime  time  vari¬ 
ation,  in  particular  in  connection  with  the  arbitrary  strains  e.  A 
discussion  of  this  problem  is  given  in  §3  of  this  chapter. 

R,  a  Measure  of  Earthquake  Recurrence  Scatter 

In  analyzing  a  seismic  regime  by  examining  the  distribution  of 
the  points  x,  z,  t,  E  themselves  in  the  space,  or  by  analyzing 
the  functions  and  parameters  N»,  A,  y,  etc.,  characterizing  this  dis¬ 
tribution,  it  is  possible  to  distinguish  in  conventional  manner  two 
seismic-regime  aspects,  the  systematic  and  the  random. 

The  investigation  of  the  systematic  aspect  is  concerned  with  the 
mean  values  obtained  by  complete  averaging  within  certain  limited  re¬ 
gions,  or  with  respect  to  certain  coordinates  of  formally  unbounded 
regions.  Thus,  in  constructing  recurrence  curves  N*(E)  for  earth¬ 
quakes,  complete  averaging  of  the  observed  values  of  N*  over  the  entire 
observation  time  t  is  normally  carried  out.  The  same  Is  done  in  com¬ 
piling  maps  of  seismic  activity  A(x,  y),  etc. 

The  study  of  the  random  aspect  is  basically  concerned  with  the 
following  problems:  the  "scatter"  of  values  for  N*  (as  well  as  other 
indices  for  the  seismic  regime),  determined  in  small  volumes  of  the 
space  n^,  with  respect  to  the  corresponding  mean  values  of  N*  for  large 
volumes,  the  mutual  relationships  (regression  or  correlation)  among 
the  parameters  characterising  the  seismic  regime,  etc.  Such  problems 
are  handled  in  mathematical  statistics  and  the  theory  of  probabilities 
(see,  for  example,  (85,  225,  226]). 


The  first  and,  perhaps  most  important  for  practical  purposes,  is 
the  problem  of  the  degree  of  scattering  for  the  observed  values  of  the 
recurrence  N*  for  earthquakes  of  various  energies  E  in  time  t  -  the 
question  of  seismic -regime  fluctuations.  With  this  question  there  are 
the  associated  problems  of  evaluating  the  accuracy  and  reliability 
with  which  long-term  srfismlc-regime  average  characteristics  are  deter¬ 
mined,  characteristics  for  which  the  relevant  data  are  gathered  by  ac¬ 
tual  observations  lasting  over  a  long  period  of  time,  and  of  evaluat¬ 
ing  the  observational  periods  required  to  establish  these  characteris¬ 
tics  with  the  desired  accuracy. 

i In  first  approximation,  seismic -regime  fluctuations  may  be  in¬ 
vestigated  by  using  the  concept  of  an  average  regime  that  is  constant 
with  time.  The  next  approximation  might  be  an  assumption  that  the  av¬ 
erage  regime  parameters  vary  linearly  with  time,  or  that  the  regime 
varies  with  a  long  period,  etc.  In  the  majority  of  cases,  however,  ow¬ 
ing  to  the  lack  of  reliable  factual  data,  it  is  necessary  to  restrict 
the  investigation  to  the  first  approximation,  and  in  so  doing,  to  era-  • 
ploy  the  simplest  methods  for  analyzing  the  distribution  of  random 
quantities.  In  this  case,  the  degree  of  scattering  of  the  values  of  N* 
(or  of  A,  etc.),  determined  over  a  series  of  relatively  short  observa¬ 
tion  periods,  can  be  evaluated  in  terms  of  the  standard  (mean-square) 
deviations  of  the  values  of  N*  with  respect  to  the  long-term  mean 
values  of  these  values  of  N*,  which  should  also  be  considered  to  be 
quite  close  to  the  "true"  values  characterizing  the  assumed  constant 
average  seismic  regime.  We  might  use  in  place  of  the  quantities  On* 
other  similar  quantities  known  in  mathematical  statistics  and  the  the¬ 
ory  of  errors,  but  this  will  introduce  no  essential  change. 

The  quantity  cr^*,  or  other  similar  quantities,  however,  will  de¬ 
pend  upon  the  observation  periods  chosen,  the  dimensions  of  the  regions 

-  3W- 


under  consideration,  and  upon  many  other  associated  circumstances.  It 
is  in  this  sense  that  these  quantities  cannot  uniquely  characterize 
the  scatter  of  the  earthquake  process  itself. 

The  quantity  R  =  doea  not  suffer  from  this  drawback;  here 

N  is  the  recurrence  itself,  or  the  recurrence  density,  or  a  similar 
quantity,  while  is  the  corresponding  standard  deviation.  Thus,  if 
N  is  the  mean  monthly  number  of  earthquakes  of  a  given  energy  class 
taken,  let  us  say,  fyom  annual  observations,  then  oN  is  the  standard 
error  for  one  determination  of  this  mean  monthly  number.  The  quantity 
R  characterizes  the  spread,  the  scatter  of  the  recurrence,  and  in  this 
connection,  we  call  it  a  measure  of  the  earthquake-recurrence  scatter. 
On  the  average,  for  several  sections  of  the  district  in  which  the  TKSE 
worked,  the  scatter  measure  R  turned  out  to  be  close  to  unity,  regard¬ 
less  of  the  observational  period,  region  dimensions,  level  of  seismic 
activity,  or  earthquake-energy  level,  for  the  energy- variation  range 
Emay/Ein1n  >  1010.  The  equality  R  =  1  indicates  that  there  is  no  con¬ 
nection  among  the  instants  of  appearance  of  the  earthquakes  for  which 
the  mean  recurrence  is  calculated.  In  isolated  cases,  however,  in  in¬ 
dividual  sections,  and  during  certain  special  time  periods,  for  exam¬ 
ple,  in  a  period  during  which  there  are  aftershocks  from  a  strong 
earthquake  -  the  scatter  measure  displays  no  visible  deviations  from 
the  mean  value.  This  will  also  be  associated  with  other  disturbances 
in  the  seismic  regime,  with  deviations  from  the  "normal”  long-term  av¬ 
erage  regime,  and  corresponds  also  to  deviations  in  the  values  of  the 
parameters  A  and  y  from  the  long-term  mean  values.  Increased  values  of 
R  correspond  to  an  increase  in  instability  of  the  seismic  regime  in 
the  region  under  consideration  over  a  given  range  of  variation  in  the 
quantities  S,  t,  etc.  The  quantity  R,  together  with  A  and  y ,  belongs 
to  the  group  of  chief  seismic -regime  parameters,  it  characterises  the 


"random"  aspect,  while  A  and  y  characterize  the  "systematic"  aspect. 

§3.  METHODS  OF  INTERPRETATION 

Let  us  consider  basic  methods  for  processing  and  representing  ma¬ 
terial  on  a  seismic  regime  that  are  employed  to  systematize  the  results 
of  expedition  observations.  The  methods  are  designed  to  solve  the  fol¬ 
lowing  problems:  analysis  of  the  time  variation  in  the  seismic  regime 
or  the  temporal  and  spatial  variation;  analysis  of  the  earthquake- 
recurrence  distribution  with  respect  to  energies;  analysis  of  seismic- 
regime  fluctuations;  analysis  of  the  correlation  relationships  between 
the  chief  seismic-regime  parameters. 

Analysis  of  Time  Variation  of  Seismic  Regime 

The  simplest  method  for  representing  the  time  variation  of  a 
seismic  regime  consists,  in  principle,  in  representing  the  arrangement 
of  the  discrete  earthquake  points  directly  in  the  five-dimensional 
space  n^.  Naturally,  it  is  impossible  to  represent  this  total  pattern 
on  the  plane  of  a  drawing,  which  is  only  two-dimensional.  It  is  neces¬ 
sary  to  sacrifice  a  certain  number  of  the  measurements  represented, 
keeping  only  those  most  essential  to  a  particular  investigation,  in¬ 
cluding,  naturally,  the  time  t.  Then  the  earthquake  points  in  the  en¬ 
closing  region  of  the  space  will  be  summed  over  the  coordinates  ex¬ 
cluded  from  consideration. 

1.  Graphs  for  the  temporal  variation  in  the  seismic  regime  E(t) 
(see  Fig.  110).  If  we  fix  a  specific  three-dimensional  region  of  space 
x,  z,  or  a  portion  of  the  surface  xg  in  plan  with  corresponding 
treatment  of  the  volume  at  the  depth  z,  we  are  able  to  construct  for 
it  a  graph  showing  the  seismic -regime  variation  in  the  coordinate 
system  t,  E.  This  graph  will  show  all  earthquakes  whose  foci  fall 
within  the  given  spatial  volume  x,  y,  z.  In  this  case,  where  there  is 
no  need  to  Isolate  a  special  point  in  time,  the  t  scale  is  assumed  to 
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be  linear.  Where  there  is  such  a  special  point,  such  as  the  instant  of 

occurrence  of  a  strong  earthquake,  in  order  to  study  the  foreshocks 

and  aftershocks,  it  is  convenient  to  make  this  scale  nonuniform,  with 

the  scale  increasing  as  we  approach  the  special  point.  This  scale  may 

be,  for  example,  logarithmic  (this  is  not  entirely  convenient,  since  a 

logarithmic  scale  essentially  has  no  origin,  and  the  origin  must  be 

in¬ 
fixed  arbitrarily)  or  of  the  type  yt  where  m  >  1.  It  is  necessary  to 

m_ 

use  nonlinear  scales  (for  example,  logarithmic  or  J E)  for  the  energy 
E,  in  order  to  prevent  weak  earthquakes  from  escaping  consideration, 
since  their  energy  is  very  small  in  comparison  with  the  energies  of 
strong  earthquakes  shown  on  the  same  graph. 

2.  The  space-time  graphs  for  the  seismic  regime  in  the  x,  t  plane 
(see  for  example.  Pig.  109).  Diagrams  of  this  type  are  conveniently 
used  for  cases  in  which  the  earthquake  foci  are  located  in  a  region 
that  is  very  extended  in  one  direction,  for  example,  along  the  axis  of 
a  mountain  range.  In  this  case,  the  space  coordinate  x  will  correspond 
to  this  direction.  The  foci  of  earthquakes  falling  within  the  strip  on 
the  epicenter  map  through  the  center  of  which  the  x  axis  runs,  are 
laid  off  on  the  x  line  along  the  perpendicular.  In  x,  j,  z  space,  this 
strip  corresponds  to  the  specific  three-dimensional  region  with  depth 
2.  When  the  foci  are  arranged  within  a  relatively  narrow  depth  inter¬ 
val,  they  are  not  differentiated  with  respect  to  depth.  On  the  drawing, 
the  earthquakes  are  represented  in  the  x,  t  plane  by  black  circles 
whose  centers  have  appropriate  coordinates  along  the  space  axis  x  and 
the  time  axis  t,  while  the  energy  E  is  represented  by  the  radius  of 
the  circle. 

Where  the  number  of  earthquakes  treated  is  large,  it  is  convenient 
to  plot  the  corresponding  points  not  in  teres  of  the  times  for  each 
earthquake  separately,  but  by  the  use  of  ten-day,  semimonthly,  ete. 


summaries.  As  a  result,  the  earthquake  points  on  the  x,  t  diagram  will 
lie  along  lines  t  =  const,  spaced  at  definite  intervals  At.  As  experi¬ 
ence  has  shown,  with  a  proper  choice  of  intervals  At,  this  will  not 
lead  to  any  great  distortion  in  the  invisible  impression  produced  by 
the  diagram,  but  will  produce  a  considerable  savings  in  the  time  re¬ 
quired  to  prepare  the  diagram. 

In  view  of  the  fact  that  the  earthquake -energy  classification 

If 

used  is  exponential  [E  =  10  Joules  (K  =  1,  2,  3,  •••)]»  the  scale  of 
circle  radii  representing  the  energy  should  also  naturally  be  made  ex¬ 
ponential.  It  is  not  possible,  however,  to  make  the  radii  proportional 
to  Je  or  7*.  as  would  be  desirable  for  certain  geometric  considera¬ 
tions,  since  in  this  case,  they  would  rise  too  rapidly  with  increasing 
E.  Thus,  the  scale  of  radii  is  suitable  for  illustrative  purposes  only. 
This  excludes  the  possibility  of  using  photometry  of  the  chart  ob¬ 
tained  in  order  to  average  it  and  thus  determine  the  quantitative  in¬ 
dices. 


It  is  evidently  Impossible  to  show  earthquakes  of  different  en¬ 
ergies  on  a  single  plane  with  a  graph  of  the  seismic -regime  temporal 
variation  in  the  two-dimensional  spatial  region  x,  We  would  require 
a  series  of  graphs  to  do  this.  For  this  purpose.  It  is  possible  to 
utilize  a  series  of  epicenter  maps  or  seismic-activity  maps,  compiled 
for  a  series  of  successive  time  intervals. 

Attempts  have  also  been  made  to  construct  graphs  of  the  type  E  * 
=  E(t)  by  smoothing  the  quantities  being  processed.  These  graphs  do 
not  turn  out  to  be  clear.  Better  graphs  may  be  obtained  with  smoothed 
curves  for  the  space-time  seismic-regime  variation  In  the  xt  plane, 
constructed  according  to  the  principle  used  In  the  seismic-activity 
maps  (see  Chapter  9)* 

3.  Oraphs  showing  the  accumulation  of  arbitrary  Benioff  strains 
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[188-192]  (see  the  step  curve  of  Fig.  110).  It  has  been  attempted  to 
establish  a  connection  between  the  energies  of  individual  earth¬ 
quakes  succeeding  one  another  in  a  certain  region,  and  the  strains 
appearing  as  a  result  of  these  earthquakes.  Benloff  has  shown  that  eA  - 
-<r*v  In  order  to  obtain  the  total  strain  in  a  given  region  that  ap¬ 
pears  owing  to  the  action  of  a  series  of  earthquakes,  he  constructed 
the  sum  e£  =  ICj^,  where  the  CA  are  coefficients  that  depend  upon  the 
nature  of  the  focus,  and  upon  the  elastic  properties  of  the  medium.  As 
a  rule,  for  practical  purposes  the  quantities  are  neglected,  and 
the  simplified  formula 


*s  =  2  K 


(84) 


is  used. 

This  formula  is  used  to  determine  the  ordinates  of  the  step  curve 
for  the  accumulation  of  some  arbitrary  "strain,"  appearing  during  the 
excitation  of  seismic  energy  for  a  series  of  earthquakes.  Hie  time  t^ 
at  which  these  earthquakes  appear  is  plotted  along  the  axis  of  abscis¬ 
sas. 


This  construction  is  clearly  based  upon  the  assumption  that  each 
earthquake  of  a  given  sequence  creates  a  strain  of  identical  nature 
and,  correspondingly,  causes  relative  shifts  in  the  medium  in  the  same 
dlrrectlon:  only  in  this  case  may  the  strains  be  added  arith¬ 
metically,  as  is  done  in  Formula  (84). 

This  assumption  is  quite  probable  for  the  strong-earthquake  se¬ 
quences  associated  with  slips  along  any  major  fault.  It  holds  very 
poorly,  however,  for  the  numerous  weak  earthquakes  which  basically 
are  the  subjects  of  investigation  in  the  study  of  the  seismic  regime 
for  a  region.  Individual  points  may  evidently  be  associated  with  dif¬ 
ferent  displacement  directions  in  the  earthquake  foci  (see  Chapter  6). 
It  is  only  their  combined  action,  taking  effect  over  some  time  inter - 
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val,  that  may  acquire  a  certain  regular  nature,  amounting,  as  it  were, 
to  plastic  flow"  of  the  material  in  some  specific  direction. 

In  view  of  this,  it  was  assumed  that  within  certain  short  time 
Intervals  At^  (in  practice,  over  each  ten-day  period)  the  strains  Ej 
are  summed  not  arithmetically  in  a  single  direction,  but  geometrically, 
as  in  the  case  of  an  orthogonal  vector  system 

1=1,  2. ..m;  over  long  time  intervals,  these  total  deformations  are 
added  in  one  direction,  arithmetically 
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where  m  is  the  number  of  earthquakes  in  a  ten-day  period,  and  n  indi¬ 
cates  the  number  of  the  decade  in  the  total  observation  period. 

This  last  formula  was  also  used  to  calculate  the  ordinates  of  the 
corresponding  graphs  for  the  accumulation  of  the  arbitrary  deformations. 
Thus,  within  each  ten-day  period,  the  earthquake  energies 
E^  were  summed,  while  among  the  ten-day  periods,  the  square  roots  of 
the  values  for  the  total  energies  E^  were  summed.  This  procedure  for 
constructing  the  graphs  also  has  the  advantage  of  great  simplicity:  in 
handling  large  quantities  of  material. 

We  note  that  the  graphs  compiled  in  accordance  with  this  prin¬ 
ciple,  as  well  as  the  graphs  of  Benioff  (to  a  greater  extent)  which 
were  compiled  in  accordance  with  formula  (84)  in  essence  do  not  yield 
quantitative  values  for  any  actual  strains,  but  represent  only  a  way 
of  illustrating  the  general  trend  of  seismic -energy  release  with  time. 

In  this  respect,  the  data  from  the  graphs  for  accumulation  of  the  ar¬ 
bitrary  strains  are  equivalent  to  the  time  curves  for  the  seismic  re¬ 
gime  B  -  B(t),  representing,  in  a  certain  sense,  their  integral  form. 


4.  Graphs  for  the  time  variation  of  seismic-regime  parameters. 

Here  we  have  in  mind  the  representation  of  the  time  t  dependence  pri¬ 
marily  for  the  following  main  parameters  of  the  average  seismic  regime: 
the  seismic  activity  A,  the  parameter  *y,  representing  the  slope  of  the 
recurrence  curves  N(E),  and  the  scatter  measure  R  for  the  recurrences 
(see  Pig.  110). 

In  plotting  graphs  of  this  type,  we  should  make  an  evaluation  of 
the  accuracy  with  which  the  quantities  under  consideration  are  deter¬ 
mined;  if  this  is  not  done,  random  fluctuations  in  these  quantities, 
associated  with  errors  of  determination,  may  be  Jumbled  up  with  sys¬ 
tematic  regular  variations  in  regime  characteristics.  The  elementary 
time  Interval  At  over  which  the  quantities  A,  7,  and  R  are  determined, 
should  be  large  enough  to  accommodate  the  number  of  observations  needed 
to  obtain  satisfactory  accuracy  in  the  determinations;  In  addition, 
these  Intervals  should  be  small  enough  with  respect  to  the  total  ob¬ 
servation  period  to  permit  changes  in  regime  variation  over  this 
period  of  time  to  be  followed  in  sufficient  detail.  As  we  can  see, 
these  requirements  for  At  are  contradictory.  It  is  easier  to  satisfy 
both  requirements,  naturally,  in  districts  where  the  seismic  activity 
is  greater,  where  the  K  earthquake  classes  are  more  numerous  (i.e., 
for  weaker  earthquakes),  and  for  greater  areas  S  (or  volumes),  and 
longer  observation  periods.  We  note  that  the  same  problem  exists  for 
areas  or  volumes  as  in  the  case  of  time  intervals.  Areas  within  which 
averaging  is  carried  out  must  be  taken  sufficiently  large  to  prevent 
averaging  out  of  regime -variation  features  characteristic  of  the  sep¬ 
arate  sections. 

Ike  chief  reason  for  plotting  graphs  of  the  time  variation  of  the 
various  seismic -regime  Indices  Is  that  they  make  it  possible  to  form 
an  opinion  as  to  the  presence  or  absence  of  noteworthy  features  of  the 


regime  prior  to  strong  shocks.  The  discovery  of  such  features  is  of 
great  interest  for  the  purposes  of  predicting  severe  earthquakes. 
Analysis  of  Energy  Distribution  of  Earthquake  Recurrence 
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Curves  of  the  recurrence  N(E)  for  large  districts  and  long  time 
intervals  are  plotted  on  the  basis  of  monthly  numbers  for  the  earth¬ 
quake  recurrence  N  for  various  K  energy  classes.  Next,  for  each  K 

class,  the  mean  monthly  recurrence  value  "R  =  (ZN)/n  is  found,  where  n 

n 

is  the  number  of  elementary  time  intervals  -  in  our  case,  the  number 
of  months  -  in  the  total  observation  period,  which  in  this  case  is 
about  two  years.  Graphs  for  earthquake  recurrence  as  a  function  of 
earthquake  energy  are  plotted  in  accordance  with  the  values  of  N  and  K 
in  the  form,  for  example,  of  Figs.  103-106.  The  sequence  of  points  ob¬ 
tained  was  averaged  graphically  by  drawing  a  straight  line.  The  slope 
of  this  line,  in  accordance  with  general  considerations,  determined 
the  value  of  the  parameters  y  =  —A  log  1/a  log  E,  while  the  value  of 
the  seismic  activity  A  was  determined  by  the  point  on  the  line  corres¬ 
ponding  to  K  =  7.  In  determining  A,  the  calculation  was  carried  out, 
naturally,  for  the  normalized  recurrences  N*. 

In  some  cases,  other  elementary  time  intervals  were  employed  for 
individual  sections.  Thus,  for  the  Chusal  section,  recurrence  values 
for  four-hour  elementary  intervals  over  a  total  observation  period  of 
three  days  were  used  as  the  initial  data  (see  Table  19,  page  ).  In 
all  cases,  precisely  the  same  methods  were  used  to  determine  the  param¬ 
eters  y  and  A. 

The  errors  in  the  quantities  determined  were  also  shown  on  the 
recurrence  graphs.  They  were  given  in  the  form  of  ellipses  whose  semi¬ 
axes  equaled  in  the  scale  of  the  graph  the  magnitudes  of  the  errors 
for  the  corresponding  coordinate  axes.  The  methods  used  to  evaluate 
errors  have  been  described  above. 

-  334- 


The  distribution  of  the  values  of  A  and  y  in  space  (from  section 
to  section)  and  in  time  for  individual  sections  has  been  discussed 
separately  for  the  Garm  and  for  the  Stallnabad  districts. 

Analysis  of  Seismic -Regime  Fluctuations 

Here  we  have  in  mind  the  following  questions:  the  evaluation  of 
the  accuracy  with  which  the  values  for  the  recurrences  N*  of  earth¬ 
quakes  in  the  various  K  classes  of  energy  E  are  determined;  a  study  of 
the  scatter  of  the  values  for  N*  in  time;  a  determination  of  the  ob¬ 
servation  periods  required  to  evaluate  the  recurrences  N*  with  the  de¬ 
sired  accuracy;  the  establishment  of  the  scatter  measure  R  for  earth¬ 
quake  recurrence  with  an  evaluation  of  the  accuracy  with  which  the 
mean  value  of  this  quantity  is  determined  with  respect  to  the  large- 
scale  observations.  And,  finally,  the  utilization  of  the  quantity  R 
for  plotting  nomograms  for  evaluating  the  observation  periods  needed 
for  the  recurrence  of  earthquakes  in  the  various  energy  classes. 

1.  Evaluation  of  the  accuracy  with  which  earthquake  recurrence  is 
determined.  To  do  this,  for  each  K  class  of  earthquake  energy  E,  a 
series  of  recurrence  values  N  =  (i  =  1,  2,  ...»  n)  is  processed; 
the  values  are  determined  in  the  given  district  over  relatively  short 
time  intervals  (for  example,  monthly  periods),  into  which  the  total 
longer  observation  period  (for  example,  two  years)  is  divided.  In  or¬ 
der  to  decrease  the  over-all  length  of  time,  the  time  intervals  Into 
which  it  is  divided  are  also  reduced. 

The  following  indices  are  calculated  for  the  set  of  values  N  - 
the  mean  value 

»-¥•  (86) 


the  standard  (mean-square)  deviation  for  a  given  determination  of  N 


here  ojj  is  the  variance  in  the  value  of  N;  the  standard  deviation  of 
the  mean  value 

--  _  -iv 

V*  '  (88) 

here  is  the  variance  of  the  value  of  U;  the  relative  deviations: 
of  one  determination 

(89) 

and  of  the  mean  value  o'f  if 

**«•*„!*  (90) 
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The  values  of  the  relative  deviations  6N  and  6jj  remain  precisely  the 
same  for  the  quantities  N  and  T},  as  for  the  corresponding  normalized 
recurrence  quantities  N*  and  U*. 

The  quantity  &N  has  the  following  important  sense.  It  must  be 
taken  as  the  relative  error  in  the  determination  of  the  true  long-term 
mean  recurrence  N  or  7J*  of  earthquakes  in  the  class  under  considera¬ 
tion  within  the  given  district  in  accordance  with  data  obtained  over 
the  entire  actual  observation  period,  provided  that  the  mean  seismic 
regime  in  this  district  can  be  considered  to  be  time -Invariant.  Here 
it  Is  of  no  importance  in  what  units  the  recurrence  considered  is  meas¬ 
ured  (whether  it  is  based  on  the  month  or  the  year),  or  to  which  area 
of  the  district  or  which  volume  in  the  region  in  which  the  earthquake 
foci  are  located  it  refers,  provided  only  that  the  seismic  regime  is 
the  same  for  all  of  these  regions. 

The  magnitude  of  the  error  6^  depends  upon  the  total  number  ZH  of 
earthquakes  for  which  it  is  computed.  In  this  connection,  it  will  be 
lower  the  greater  the  over-all  observation  period,  the  area  S  (or  vol¬ 
ume)  in  which  the  observed  earthquake  foci  are  located,  and  the 
greater  the  seismic  activity  of  the  district.  In  addition,  it  depends 
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upon  the  degree  to  which  the  recurrence  diverges  from  strict  periodicity. 

2.  Investigation  of  the  scatter  of  the  monthly  (or  other)  numbers 
for  earthquake  recurrence  in  time  with  respect  to  the  long-term  mean 
values.  The  task  of  this  investigation  is  to  clarify  the  nature  of  the 
observed  distribution  of  recurrence  deviations  from  the  mean  values 
for  earthquakes  in  the  various  energy  classes,  and  a  comparison  of 
this  distribution  with  certain  theoretical  distributions  (normal  and 
Jogarithmic),  as  well  as  the  determination  of  the  parameters  for  the 
corresponding  theoretical  distributions. 

To  do  this,  graphs  (histograms)  were  plotted  separately  for  each 
class,  showing  the  observed  distribution  density  of  the  quantity  N 
(Fig.  98)  for  several  relatively  large  time  series  of  observations  for 
the  quantities  N  =  N.  (i  =  1,  2. ..n),  corresponding  to  different  K  en¬ 
ergy  classes.  Along  the  axes  of  abscissas  on  these  graphs,  the  values 
of  the  quantity  x  =  (N  —  Tl)/R  are  also  plotted,  so  that  these  axes  are 
divided  into  intervals  Ax,  preferably,  but  not  necessarily,  equal  to 
each  other.  The  quantities  y  =  y^nAx)  are  plotted  along  the  axes  of 
ordinates;  here  n  is  the  total  number  of  determinations  of  the  quan¬ 
tity  N  and  yn  the  number  of  determinations  for  which  the  value  of  n 
lies  in  a  given  Interval  of  values  of  x.  The  segments  Ax  and  Ay  serve 
as  the  base  and  altitude  for  the  corresponding  rectangles  which  taken 
together  form  the  step-type  distribution  curve.  With  this  construction, 
the  area  under  the  curve  will  equal  unity. 

This  normalization  of  the  distribution  curves  makes  it  possible 
to  compare  the  general  nature  of  the  distribution  for  the  quantities  N 
for  various  earthquake  energy  classes  for  which  there  is  very  great 
variation  in  the  number  of  earthquakes  per  class  within  the  same  dis¬ 
trict.  It  is  also  easy  to  compare  corresponding  data  obtained  in  dis¬ 
tricts  that  differ  in  area  and  seismic  activity. 


In  addition  to  the  curves  for  the  observed  distribution  of  N, 
theoretical  differential  curves  were  also  plotted  (also  normalized) 
primarily  for  the  appropriate  normal  distribution  in  accordance  with 
the  well-known  formula 


here  h  =  (1//2)6n  is  the  so-called  measure  of  accuracy.  The  quantity 
6n  is  here  determined  from  Formula  (89).  Tables  for  the  probability 
density  of  the  normal  distribution  were  used  to  plot  the  theoretical 
curves  (see,  for  example  [ 85 1 ) - 

A  comparison  of  the  observed  distribution  curves  with  the  the¬ 
oretical  curves  gives  a  clear  qualitative  picture  of  the  degree  to 
which  the  observed  distributions  of  earthquake  recurrence  N  conform  to 
the  normal  law. 

To  do  this,  we  make  use  of  the  method  of  plotting  observed  and 
theoretical  cumulative  curves  (ogives)  on  probability  paper  upon  which 
the  theoretical  curves  form  straight  lines,  given  a  normal  distribu¬ 
tion  (Fig.  99a).  As  before,  values  of  x  =  (N^  -  TJ)  are  plotted 

along  the  x  axes  of  these  graphs,  and  the  observed  normalized  cumula¬ 
tive  recurrence  frequencies  y  =  y^  =  (l/n)Zyn  along  the  £  axes,  i.e., 
the  quantities:  (l/njy^,  (1/nMy^  +  y^),  (1/nHy^  +  y^  +  yn^).... 
An  averaging  line  Is  drawn  through  the  collection  of  points;  It  repre¬ 
sents  the  appropriate  theoretical  normal-distribution  law.  WS  note 
that  distance  along  the  x  axis  between  points  of  this  line  having  or¬ 
dinates  y  *  15- 9^  and  84. 1%,  which  are  symmetric  with  respect  to  the 
center  y  *  50£,  equals  twice  the  relative  standard  deviation  26^, 
which  may  be  used  for  graphical  determination  of  the  value  of  6^,  In¬ 
dependent  of  Formulas  (86)-(90). 

The  following  conclusions  may  be  drawn  from  the  distribution 
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tegral  data  on  the  cumulative  curves  (Pig.  99a)  is  complicated  or  be¬ 
comes  impossible  in  practice. 

A  comparison  of  the  observed  earthquake-recurrence  N  distributions 
for  various  K  classes  with  the  theoretical  log-normal  distribution, 
i.e.,  with  the  normal  distribution  for  the  quantity  log  N,  was  carried 
out  on  the  basis  of  the  following  considerations.  As  is  known  (see, 
for  example  [85]),  this  theoretical  distribution  is  skew  with  respect 
to  15,  while  the  general  nature  of  the  skewness  is  the  same  as  that  ob¬ 
served  for  the  graphs  of  Fig.  98  for  the  higher  classes.  The  log-normal 
distribution  for  N  is  more  convenient  to  use,  in  that  it  eliminates 
the  possible  appearance  of  negative  values  for  N,  while  with  the  nor¬ 
mal  distribution,  such  values  are  formally  permissible,  although  they 
may  be  quite  improbable.  Prom  the  physical  point  of  view,  there  natu¬ 
rally  can  be  no  negative  values  for  the  earthquake  recurrence  N. 

This  comparison  was  carried  out  by  plotting  cumulative  curves  for 
the  observed  distributions  and  for  the  corresponding  theoretical  dis¬ 
tributions  on  semilog-probability  paper,  upon  which  the  theoretical 
curves  for  the  log-normal  distribution  takes  the  form  of  straight 
lines.  For  the  graphs  of  this  type  shown  in  Fig.  99b,  the  x  axis  Is 
logarithmic.  The  functional  scale  log  (x  +  1)  is  plotted  along  it; 
here,  as  before,  x  =  (N  —  U)/H;  the  divisions  of  the  axis  represent 
values  of  x,  as  in  Fig.  99a,  i.e.,  they  characterize  the  relative  de¬ 
viations  of  the  observed  values  N  from  the  mean  value  of  N. 

A  comparison  of  the  two  theoretical  [normal  (Fig.  99a)  and  log¬ 
normal  (Fig.  99b)]  with  the  observed  distributions  for  N  leads  us  to 
conclude  that  for  the  lower  K  energy  classes  of  earthquakes  for  which 
the  processed  material  was  quite  voluminous,  and  in  this  sense  com¬ 
pletely  amenable  to  statistical  treatments,  both  theoretical  distribu¬ 
tions  agree  roughly  with  the  observed  distributions.  With  respect  to 
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Fi*.  99.  Cumulative  curvaa  for 
earthquake  recurrence.  Qerm 
diatrict,  1955-1956.  a)  On 

frobabillty  paper!  b)  on  acni- 
og-probability  paper. 
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the  higher  K  classes,  where  the  number  of  observed  earthquakes  becomes 
small,  the  application  of  statistical  methods,  in  both  versions,  pro¬ 
duces  blurred  results  with  the  log-normal  distribution  clearly  giving 
better  agreement  with  observations  in  this  case. 

Thus,  in  practice,  given  a  number  of  observations  sufficient  to 
permit  reliable  statistical  conclusions,  the  distribution  of  the  earth¬ 
quake  recurrences  N  with  time  may  be  considered  to  be  a  normal  dis¬ 
tribution  for  any  K  energy  classes,  in  first  approximation.  This  does 
not  exclude  the  possibility  that  in  some  cases  it  might  also  be  de¬ 
sirable  to  have  an  approximate  picture  of  the  earthquake-recurrence  N 
distribution  in  time  according  to  the  log-normal  law.  The  choice  of 
either  of  these  theoretical  laws  may  be  made,  in  large  measure,  on  the 
basis  of  considerations  of  convenience  in  the  investigation  of  con¬ 
crete  geophysical  problems. 

3.  Determination  of  observation  periods  required  to  evaluate  the 
mean  earthquake  recurrence  with  the  desired  accuracy.  The  error  6N  in 
the  determination  of  the  mean  earthquake  recurrence  U  for  any  K  energy 
class  of  earthquakes  depends  upon  two  groups  of  factors.  The  first 
group  comprises  factors  which  the  seismologist  may  influence  to  some 
degree;  the  observation  time  t  and  the  dimensions  of  the  region  cov¬ 
ered  by  the  observations  (its  area  S  or  volume  V).  The  second  group  of 
factors  cannot  be  controlled  by  the  seismologist;  the  normalized  re¬ 
currence  N*  for  earthquakes  of  the  given  region,  which  differ  for  vari¬ 
ous  K  classes,  and  the  degree  of  natural  scattering  of  the  earthquake 
recurrences  from  the  mean  values  which,  generally  speaking,  may  also 
differ  for  various  K  earthquake -energy  classes. 

Let  us  aasvane  that  for  given  observation -region  dimensions,  its 
area  S  (instead  of  the  area  we  might  speak  of  the  volume;  here  it  makes 
no  essential  difference),  and  a  given  seismic  activity  A  in  this  re- 
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gion  over  a  observation  time  t,  the  value  of  the  mean  recurrence  R  for 
earthquakes  of  a  given  class  K  has  been  determined  with  a  relative  er¬ 
ror  6n.  Keeping  in  mind  that  the  error  in  determining  the  mean  recur¬ 
rence  R  in  accordance  with  Formula  (90)  decreases  as  the  number  n  of 
observation  increases,  as  1/Jn,  and  that  the  number  n  increases  in 
proportion  to  the  increase  in  the  observation  period  t,  we  may  write 

(92) 

where  6q  is  the  given  permissible  error  in  determining  the  recurrence 
R,  characterizing  the  desired  accuracy  with  which  this  quantity  is  to 
be  determined.  Then,  in  accordance  with  (92),  the  time  tQ  required  to 
obtain  R  with  this  accuracy  will  equal 


Let  us  give  the  results  of  numerical  calculations  of  the  time  tK 
required  to  determine  the  recurrences  RK  with  the  given  accuracy 
=  0.1  (=  10%),  for  various  K  energy  classes,  using  as  an  example  a 
statistical  treatment  for  results  of  earthquake  observations  in  the 
Qarm  district  over  the  period  from  February  1955  to  November  1956  (see 
Table  13  )•  Similar  calculations  were  also  carried  out  for  the  Stalina- 
bad  district  (see  §5). 

This  table  gives  nonnormalized  mean  monthly  values  for  the  recur¬ 
rence  R,  obtained  over  an  observation  period  of  23  months,  as  well  as 
the  relative  errors  6N  in  the  monthly  determinations,  found  from  For¬ 
mula  (90)  as  a  result  of  processing  these  observations.  Table  13  gives 
the  times  (in  years),  computed  from  Formula  (93) »  required  to  determine 
the  recurrences  R  (monthly  or  yearly,  nonnormalized  or  normalized  R* 
recurrence  values)  with  a  given  relative  error  6^  -  0.1  (-  10%).  Sim¬ 
ilar  calculations  have  been  carried  out  for  the  Greater  (area  S  - 
-  14,300  km2)  and  Lesser  (S  -  4000  km2)  Stallnabad  district. 
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TABLE  13 

Determination  of  the  Time  tQ  Required  to  Obtain  an 

Earthquake  Recurrence  Value  Tl  with  an  Error  = 

=  10 for  Various  K  Earthquake -Energy  Classes  us¬ 
ing  Observation  Data  for  the  Garm  District 
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These  results  are  represented  graphically  on  Pig.  100;  Fig.  100a 
is  for  the  Garm  district.  Fig.  100b  for  the  Stallnabad  district.  The 
curves  were  plotted  in  logarithmic  coordinates  with  both  scales  having 
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Fig.  100.  Graphs  of  observation  time  t^  required  to 

determine  earthquake  recurrence  N  with  given  accu¬ 
racy  of  10j6.  a)  For  Garm  district;  b)  for  Stalina- 
bad  district,  l)  Observed  values;  2)  numerical 
values.  On  graph  b,  points  with  asterisks  are  for 
the  Lesser  Stalinabad  district,  points  without  as¬ 
terisks  for  the  Greater  Stallnabad  district. 


Identical  moduli.  The  numbers  TJ  are  plotted  along  the  x  axis  from  left 
to  right  in  a  logarithmic  scale,  and  the  numbers  tQ  (see  Table  13) 
along  the  2  axis,  from  bottom  to  top  in  the  same  scale.  The  pairs  of 
values  t0TJ  for  various  K  earthquake -energy  classes  represent  the  coor¬ 
dinates  of  observation  points  and  are  indicated  by  double  circles.  We 
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see  that  this  collection  of  points  lies  quite  near  a  certain  straight 
line.  The  position  of  the  theoretical  points  (small  circles)  is  deter¬ 
mined  in  accordance  with  the  quantity  R  (see  below). 

Sections  4  and  5  give  a  discussion  of  these  graphs  from  the  point 
of  view  of  improving  earthquake-observation  methods.  Here  we  shall 
concentrate  on  the  other  side  of  the  question,  namely,  on  those  basic 
conclusions  as  to  general  seismic-regime  properties  that  may  be  drawn 
in  this  case. 

4.  Establishing  the  measure  R  of  earthquake-recurrence  dispersion. 
The  line  used  to  average  the  position  of  points  having  the  coordinates 
log  U  -  log  tQ  on  the  curves  of  Fig.  100,  as  may  be  seen,  lies  at  an 
angle  of  about  45°  to  the  coordinate  axes.  This  indicates  that  there 
is  a  roughly  linear  relationship  between  the  quantities  1/N  and  tQ  for 
the  various  K  earthquake -energy  classes:  tQK  =  C/Nk,  or 

■•=£... ,  (94) 

where  C  =  const  is  a  quantity  independent  of  K,  while  the  subscripts 
(K)  on  the  quantities  N  and  tQ  indicate  that  both  of  them  belong  to 
precisely  the  same  K  class,  and  vary  with  variation  in  K. 

Let  us  turn  to  Expression  (94).  The  product  has  a  simple 

physical  interpretation:  it  equals  the  total  number  of  earthquakes  in 
the  given  K  class  that  would  be  recorded  in  the  time  interval  tQ  re¬ 
quired  to  determine  the  recurrence  D  with  the  given  error,  identical 
for  all  K  classes. 

We  note  that  the  fact  that  the  quantity  C  remains  roughly  the 
same  for  all  K  earthquake -energy  classes  is  in  this  case  established 
empirically,  and  is  not  entailed  by  any  logical  structures.  We  might 
rather  expect  that  the  quantity  C  would  depend  upon  K,  i.e.,  on  the 
earthquake  energy.  Zt  is  possible  that  over  a  wider  energy  range  than 
could  be  investigated  here  that  this  would  prove  to  be  the  case,  and 


that  the  assumption  C  =  const  would  cease  to  be  valid.  According  to 
the  data  which  we  have  at  our  disposal,  the  quantity  C  remains  roughly 
constant  over  an  energy  range  covering  about  13  orders  of  magnitude 
(according  to  data  for  the  Garm  and  Stalinabad  districts  as  a  whole, 

K  =  7-13,  while  for  the  Chusal  district  (see  §4),  K  =  0-7). 

The  constancy  of  the  quantity  C  entails  the  important  conclusion 
that  the  error  6  with  which  earthquake  recurrence  may  be  determined  on 
the  average  depends  exclusively  upon  the  total  number  of  earth¬ 
quakes  for  which  this  recurrence  is  determined,  regardless  of  the  re¬ 
currence  value,  the  observation  periods,  and,  the  most  important  point, 
of  the  K  energy  class. 

This  leads  one  to  believe  that  the  degree  of  dispersion  of  the 
earthquake  recurrences  for  the  various  K  classes,  upon  which  6  depends, 
remains  the  same,  on  the  average,  if  this  degree  of  dispersion  applies 
to  sequences  of  earthquakes  for  each  given  class,  including  sequences 
having  the  same  number  of  earthquakes. 

Now  It  is  not  difficult  to  arrive  at  a  magnitude  associated  with 
the  earthquake -recurrence  dispersion  which  should  remain  nearly  con¬ 
stant  for  all  K  classes  of  earthquakes  for  which  Relationship  (94) 
holds  in  approximation.  This  quantity  —  a  measure  of  earthquake-recur¬ 
rence  dispersion  —  takes  the  following  form:  / 


(95) 


where  is  the  total  number  of  earthquakes  observed  for  any  K  class 
for  which  R  is  determined,  while  oN  and  6^  are  the  corresponding  stand¬ 
ard  deviations  (oN  is  the  absolute  quantity  and  6N  =  N  is  the  rela¬ 
tive  quantity). 

More  accurately,  the  quantity  R  represents  the  limit  to  which  Ex¬ 
pression  (95)  tends  when  N2  -*  ».  As  experience  in  the  application  of 
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Formula  (95)  to  the  processing  of  olz  ■va*io:.al  data  has  shown,  how¬ 
ever,  it  may  also  be  utilized  for  comparatively  small  numbers  N£,  of 
the  order  of  =  10;  we  shall  consider  the  question  of  the  accuracy 
in  determination  of  R  below. 

We  shall  show  that  where  the  seismic  regime  remains  constant  over 
the  time  t  (or  in  space,  with  other  evaluations),  the  quantity  R  is 
independent  of  the  observation  periods  (or,  correspondingly,  of  the 
dimensions  of  the  region  in  which  the  observations  are  made). 

Let  the  observations  from  which  the  magnitude  of  R  is  determined 
be  carried  out  once  for  a  length  of  time  t  ,  and  once  for  a  length  of 

Cl 

time  tfc,  so  that  ta/t^  =  n.  For  the  sake  of  clarity,  the  number  n  may 
be  assumed  to  be  the  number  of  time  intervals  tfc  into  which  the  total 
observation  period  t  is  divided.  The  numbers  N,  o,  R  corresponding  to 

CL 

ta  and  tfe  are  denoted  by  the  appropriate  subscripts  (a),  (b).  We  write 
the  following  relationships  which  hold  for  a  constant  regime  and  where 
the  deviations  are  random  and  mutually  independent 

.\a  -  A V«  and  :.vB  =  syb-Vn.  (96) 

The  last  expression  is  completely  similar  to  that  vised  to  express 
the  standard  (mean-square)  error  oN  in  the  determination  of  the 

Q. 

length  of  a  line  consisting  of  n  equal  segments,  where  the  standard 

error  for  each  individual  segment,  arbitrary  in  nature,  equals  o„  .  In 

% 

accordance  with  (95)#  (96)  we  obtain 


= 


V'\  * 

which  is  what  we  were  to  prove.  In  completely  similar  fashion,  it  may 
be  shown  that  the  values  of  R  found  are  Independent  of  the  dimensions 
of  the  region  in  which  the  observations  are  carried  out,  and  of  the 
seismic  activity. 

Thus,  the  quantity  R  is  determined  exclusively  by  the  degree  of 
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dispersion  of  the  earthquake  recurrences,  which  is  a  characteristic  of 
the  process  giving  rise  to  the  earthquakes  which  as  a  group  comprise 
the  seismic  regime  of  the  given  region. 

Since  for  the  same  N,  the  dispersion  measure  is  greater  the 
greater  the  deviations  (or  6^),  this  quantity  (95)  characterizes, 
on  the  average,  the  degree  of  departure  of  the  earthquake  recurrences 
from  strict  periodicity. 

Let  us  now  determine  the  mean  value  of  the  dispersion  measure  R, 
using  observational  data,  and  let  us  evaluate  the  accuracy  of  this  de¬ 
termination.  The  calculations  were  carried  out  in  accordance  with 
earthquake  observations  for  the  Garm  district  over  the  January  1955  to 
November  1956  period  (Table  14);  for  similar  calculations  for  the 
Stalinabad  district,  see  §5. 

In  Table  14,  K  is  the  earthquake -energy  class;  TJ  is  the  mean 
monthly  recurrence  value,  determined  from  observations  over  a  total 
period  of  t  =  23  montns;  6^  is  the  relative  standard  deviation  for  the 
monthly  value  of  N.  We  note  that  the  minimum  number  of  earthquakes  ob¬ 
served  In  a  time  t  =  23  months  according  to  which  the  value  of  N  was 
determined  was  found  for  K  =  13,  and  equals  4(4/23  =  0.17).  Table  14 
gives  values  of  the  dispersion  measure  for  various  K  classes,  cal¬ 
culated  from  Formula  (95) »  and  the  corresponding  standard  deviations 

on  (errors).  The  latter  were  calculated  from  the  formula 
kK 


where  is  given  by  Formula  (95) •  We  shall  present  certain  details  of 

the  calculations.  The  quantity  0  was  found  from  the  formula,  known 

°N 

from  the  theory  of  errors,  for  the  standard  deviation  (see,  for  exam¬ 
ple  I85]) 


s*y— 
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TABLE  14 

Value  of  the  Quantities  Rg  and  Errors 

oD  in  the  Determination  of  the  Dis- 
RK 

per sion  Measure  R  for  the  Earthquake 
Recurrence  TJ  for  Various  K  Energy 
Classes 


Aft,. 


115,0 

0,228 

0,2, '.Hi 

" 

•  '»«),  o 

0,114 

0,892  j 

0,124 

* 

;  1M 

0,272 

1,02  i 

0,252 

'.1 

’  7,1 

0,449 

1,20  ! 

0,188 

l«i 

;  9.2 

0,498 

0,892  i 

0,142 

11 

i  0,*o 

1,09 

1.42  ! 

0,328 

Ot4S 

1,29 

'<.902  | 

0,202 

13  . 

i  <m»  ! 

2,20 

0,950  j 

0,2U9 

0,090 

<  M  S5 

0,548 

0.452 

0,357 

M2 

o,S12 

1.24 


In  our  case,  n  =  23  (the  number  of  months  for  which  observations  were 

made),  so  that  o  =  0.151.  Now, 
aN 


oil 


K  _  __ 


<>9x  ~  y'x 


0,151  s.v  =  0,151  K.Y  o.v, 

°JHj<  ,  _±  ‘.v  _  i  <*•*,?  a,n/-./T’K 

*v  "  '  ^  .V  V  A'  “  -  .V  Vn  -  °-101  *%• 


and  then,  finally. 


**«  =  Y  J(^iy  A'ii  T  -Yo.v  =  o.v  K.Y  (0,027  ~ 


0,0100  2*.). 


(98) 


In  examining  Table  14,  we  note  the  following  two  faots.  First, 

the  exceptionally  large  range  of  the  quantity  Rg,  and  the  large  value 

of  o_  for  K  =  6,  although  this  class  has  the  greatest  population; 

KK 

second,  the  very  slight  over-all  increase  in  the  errors  oD  with  in- 

RK 

creasing  K,  and,  correspondingly,  with  decreasing  numbers  N.  The  small 
errors  for  K  =  12  and  13  are  especially  strange,  inasmuch  as  the  num¬ 
bers  for  these  classes  are  so  small  that  a  statistical  treatment  of 
the  corresponding  data  was  very  difficult,  as  we  have  seen  (see  the 
discussion  of  Figs.  98  and  99). 

The  reason  for  the  abnormal  behavior  of  the  quantities  Rg  and  oR 

K 

for  K  =  6  clearly  lies  in  the  fact  that  they  are  determined  from  ob- 


1 


servational  data  that  is  not  of  the  highest  quality:  during  the  calcu¬ 
lation  of  the  earthquake  numbers  for  this  class,  systematic  errors 
tending  to  lower  the  values  undoubtedly  were  allowed  to  creep  in;  more¬ 
over,  it  is  possible  that  these  errors  differed  for  different  observa¬ 
tion  periods.  The  fact  of  the  matter  is  that  these  weak  earthquakes 
could  not  possibly  be  completely  accounted  for  over  the  entire  dis¬ 
trict  under  consideration  with  the  existing  instrumental  sensitivity 
and  arrangement  of  the  network  of  stations  (the  influence  of  "station 
background").  This  is  shown  by  the  spread  for  the  points  K  =  6,  ex¬ 
ceeding  the  random  error,  on  the  recurrence  graph,  among  other  things 
(see  Pig.  103). 

In  order  to  verify  the  general  trend  of  errors  in  the  determina¬ 
tion  of  Rj^  for  K  =  6-13,  these  errors  were  evaluated  by  taking  loga¬ 
rithms  and  differentiating.  In  accordance  with  (95)  we  find,  using 
this  method 


Aty;  ^*.v  .  1  A.Y 

~  V”  2  TT- 

where  ARR,  AoR,  and  AN  are  the  errors  in  the  quantities  Rjj,  o^,  and  N, 
respectively.  Let  us  assume  that  AoN  »  aQ  «  0.151oN,  and  AN  •-  oN>  Then, 

A/f,.  4  3  y 

«=  04  *1  }  y  *  0,151  0.58.V, 


and,  finally, 

Mk  =  /f  1.(0. 151  0,5o.\).  (99) 

The  results  of  the  calculation  of  the  errors  AR^  from  this  formula  are 
shown  in  Table  14. 

A  comparison  of  the  errors  oR  and  ARR  shows  that  the  general 

K 

trend  of  both  quantities  is  Identical  with  the  possible  exception  of 
the  values  for  higher  K  classes,  and  in  this  case  we  have  already  com¬ 
mented  upon  their  low  reliability  for  statistical  purposes.  Both  ARV 
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and  oB  are  characterized  by  a  relatively  alight  Increase  In  these  er- 
rK 

rors  with  Increasing  K,  which  may  serve  as  Indirect  confirmation  of 

the  correctness  of  the  calculations  for  the  error  oB  ,  which  were  car- 

rK 

ried  out  by  a  more  rigorous  method. 

Let  us  turn  to  a  determination  of  the  mean  value  for  the  disper¬ 
sion  measure  R  for  earthquake  recurrence,  and  to  an  evaluation  of  the 


errors  in  this  quantity,  making  use  of  corresponding  data  for  RK  and 

oD  for  several  X  classes. 

RK 

The  mean  weighted  value  of  R  is  determined  by  the  expression 


n  = 


(100) 


where  the  weighting  factors  wR  are  assumed  to  equal  l/o^  .  The  stand 

K 

ard  error  for  R  equals 


(101) 


If  we  make  use  of  the  data  of  Table  14  for  all  K  classes  with  the 
exception  of  K  =  6,  we  then  obtain  from  Formulas  (100),  (101)  R  =  1.04  + 
+  0.07,  while  if  we  also  discard  the  data  for  K  =  12  and  13,  making 
use  only  of  observational  material  in  the  most  reliable  region,  we  will 


obtain 


R  — 1,05^:0,08. 


(102) 


We  shall  now  assume  that  this  is  the  mean  value  for  the  earth¬ 
quake  -recurrence  dispersion  measure  for  the  Oarm  district  from  the  ob¬ 
servations  made  during  the  1955*1936  period.  We  note  that  in  the  case 
under  consideration,  the  numerical  values  for  R  and  oR  remain  almost 
the  same  whether  or  not  observational  data  for  earthquakes  in  the 
higher  classes  K  «  12  and  13  are  taken  into  account.  As  we  see,  the 
mean  numerical  value  for  R  is  close  to  unity.  Ws  shall  not,  however. 


assume  that  it  is  precisely  equal  to  one;  we  must  remember  that  this 


quantity  varies  in  Individual  cases,  and  such  variation  in  this  quan¬ 
tity  in  space  or  in  time  may  be  of  special  interest. 

5.  Utilization  of  the  mean  value  of  R  to  refine  estimates  of  ob¬ 
servation  periods  required.  By  using  Formula  (97)  and  assuming  the 
specific  value  (102)  for  R,  we  may  easily  compute  the  number  N  of 
earthquakes  in  any  energy  class  required  to  enable  us  to  use  this  num¬ 
ber  N  to  characterize  the  mean  long-term  value  of  earthquake  recurrence 
with  a  predetermined  accuracy.  This  last  is  characterized  by  ,the  mag¬ 
nitude  of  the  error  6^.  Assuming  various  numerical  values  for  6N,  we 
obtain  the  following: 

*N  1  i  M  20 

A  11000  450  110  ^8 

(Here  6N  is  given  in  #) 

Thus,  if  the  determination  of  the  mean  earthquake  recurrence  for 
any  given  K  class  with  an  accuracy  of,  let  us  say,  10#  requires  that 
about  100  earthquakes  be  observed,  a  decrease  in  the  permissible  error 
to  1#  would  require  that  more  than  10,000  earthquakes  of  this  class  be 
observed. 

It  is  of  Interest  to  solve  the  following  question:  what  should  be 
the  observation  time  _t  in  order  to  determine  the  mean  earthquake  re¬ 
currence  for  any  given  K  class  with  a  predetermined  error,  if  we  know 
the  area  S  for  the  district  in  which  the  observations  are  made  or, 
more  accurately,  the  district  in  which  the  foci  are  located  (or  the 
volume  v,  in  which  the  foci  are  located),  as  well  as  the  seismic  ac¬ 
tivity  A  of  this  district.  This  problem  represents  a  natural  generaliza¬ 
tion  of  the  problems  whose  solutions  are  given  in  the  graphs  of  Fig. 

100  for  the  actual  conditions  of  the  Qarra  and  Stallnabad  districts. 

Commencing  the  solution,  we  express  the  total  number  of  observed 
earthquakes  in  a  given  K  class  in  terms  of  the  quantities  A,  S  and 
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(103) 
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Here  the  area  S  Is  given  in  km  ;  A  equals,  by  definition,  the  number 
of  earthquakes  in  the  class  K  =  7  per  100  km  per  year  (in  this  con¬ 
nection,  the  number  100  will  a3so  appear  in  the  denominator);  the  quan 
tity  y  is  a  parameter  showing  the  way  in  which  the  earthquake  recur¬ 
rence  drops  off  with  increasing  K  energy  class  -  it  is  nearly  constant 
and  in  this  case  we  shall  assume  that  it  equals  y  =  0.43.  Substituting 
(103)  into  (95),  we  obtain  for  t^  the  following  final  formula 


=  JL .  159.  jo*  Uf-rt 
h  sa  u 


(104) 


In  this  case,  the  units  of  measurement  are  the  same  as  in  (103). 


Fig.  101.  Nomogram  for  determining  the  observation 
period  tQ  required  to  determine  the  earthquake  re¬ 
currence  with  a  required  accuracy  6  in  ft.  SA  is 
the  product  of  the  area  of  the  district  under  ob¬ 
servation  (in  km2)  and  the  seismic  activity  A-Aj. 

If  the  seismic  activity  A  is  not  computed  in  terms  of  the  area 


S  =  100  Ion2,  but  in  terms  of  the  volume  v  =  1000  km^,  we  shall  have  In 
place  of  100/SA  the  factor  1000/vA,  where  v  will  be  measured  In  km^. 

Formula  (104)  may  be  used  for  any  districts  provided,  naturally, 
that  we  may  assume  that  the  assumptions  used  In  the  derivation  of  the 
formula  hold  In  these  districts;  for  approximate  estimates,  naturally, 
there  Is  no  need  for  the  numerical  values  of  the  parameters  to  coin¬ 
cide  exactly. 

In  particular,  this  formula  may  be  used  to  systematize  estimates 
made  previously  for  the  Garm  and  Stalinabad  districts,  and  presented 
graphically  on  Fig.  100.  The  corresponding  "theoretical"  points,  cal- 

p 

culated  for  the  conditions  of  the  Garm  district  (S  =  13,500  km  ,  A  = 
=5*0,  y  =  0.43),  as  well  as  for  the  Greatel*  and  Lesser  Stalinabad  dis¬ 
tricts  (S  =  14,300  km2,  A  =  0.4,  y  =  0.43;  and  S  =  4000  km2,  A  =  0.9, 
y  =  0.43,  respectively)  are  shown  in  Fig.  108  by  the  small  solid  cir¬ 
cles  and  asterisks  which,  as  we  might  expect,  fall  precisely  along 
straight  lines;  they  are  arranged  in  proper  sequence  with  respect  to 
the  K  values  (N*  is  plotted  along  the  x  axis  of  Fig.  100).  The  good 
systematization  of  the  observed  points  given  by  the  theoretical  points 
is  evidence  for  the  correctness  of  the  assumed  parameter  values  for 
the  given  districts  and,  in  particular,  for  the  correctness  of  the 
values  taken  for  the  constants  R  and  y. 

In  order  to  ease  calculations  making  use  of  Formula  (104),  and 
for  the  sake  of  greater  clarity  in  carrying  out  the  various  estimates, 
the  corresponding  nomogram  of  Fig.  101  has  been  constructed. 

The  first  left-hand  vertical  scale  of  this  nomogram  is  a  dual 
scale  for  the  relative  error  6  and  number  N  of  earthquakes  of  a  given 
class  that  must  be  observed  in  order  to  determine  the  long-term  mean 
recurrence  with  a  given  error  6.  By  going  from  one  scale  to  the  other, 
we  obtain  the  relationship  between  6  and  N  satisfying  Equality  (95) 
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for  R  =  1.05.  In  performing  calculations  by  means  of  the  nomogram  of 
Fig.  101,  we  malce  use.  In  practice,  of  the  6  side  of  this  scale;  the  N 
side  Is  given  only  for  the  sake  of  possible  comparisons. 

The  next,  single  vertical  scale  Is  calibrated  In  units  of  SA, 

p 

where  the  district  area  S  Is  given  In  km  ,  and  the  seismic  activity  Is 
A  =  A^  (for  K  =  7).  • 

Both  of  these  vertical  scales,  together  with  the  third  scale, 
marked  K  =  7  (this  number  is  encircled),  are  used  to  perform  the  opera¬ 
tion  of  multiplying  (R2/62)* ( 100/SA)  involved  in  Formula  (106).  This 
portion  of  the  nomogram  gives  the  relationship 


)..!  Vi*  -  i„/100\ 


The  three  terms  of  this  equality  correspond  to  the  three  functional 
scales  mentioned,  in  the  following  sequence:  tg  (for  K  =  7),  6  (and  N), 
and  SA.  The  multiplication  operation  is  reduced  to  the  addition  of 
logarithms,  which  is  carried  out  by  drawing  an  auxiliary  line,  inter¬ 
secting  all  three  scales. 

For  the  K  =  7  case,  the  values  of  tg  are  read  off  from  the  ver¬ 
tical  line  K  =  7  from  the  points  at  which  it  intersects  the  series  of 
Inclined  lines  which  are  labeled  with  values  of  tg. 

In  order  to  obtain  the  values  of  tg  corresponding  to  other  values 
of  K,  a  series  of  vertical  lines  are  given,  labeled  with  appropriate 
numbers.  We  go  over  to  these  lines  from  the  K  =  7  vertical  by  drawing 
auxiliary  horizontal  lines.  As  in  the  K  =  7  case,  the  values  of  tg  for 
the  vertical  lines  K  =  8,  9 ,  10,  ...,  6,  5,  4...  are  read  off  from  the 
points  of  intersection  with  the  Inclined  lines  labeled  with  values  of 
tg.  The  slope  of  these  lines  corresponds  to  the  numerical  value  of  the 
parameter  y  -  0.43* 

As  an  example,  let  us  use  the  nomogram  to  calculate  the  time  tg 


for  the  conditions  of  the  Garm  district.  We  assume  that  we  are  inter¬ 
ested  in  the  observation  times  t^  in  this  district  for  the  various  K 
earthquake  classes  which  must  be  used  in  order  to  determine  the  mean 
recurrences  of  earthquakes  for  these  classes  with  an  error  not  ex¬ 
ceeding  6  =  10$6.  In  this  case,  we  should  allow  for  the  fact  that  in 

0 

the  Garm  district,  the  area  S  =  13,500  km  ,  and  the  seismic  activity 
Ay  =  5.0.  The  value  SA  needed  for  the  calculations  is  found  beforehand 
SA  =  13,500*5.0  =  6.75*10^.  # 

We  now  use  an  auxiliary  line  to  connect  the  points  6  =  10jt  (on 
the  first  left-hand  scale)  and  SA  =  6.75*10^  (on  the  second  scale). 
Where  the  continuation  of  this  line  intersects  the  vertical  K  =*  7,  we 
find  from  the  label  on  the  appropriate  sloping  line  t^  =  2  months. 
This,  then,  is  the  solution  to  the  problem  under  these  conditions  for 
earthquakes  in  the  K  -  7  class. 

In  order  to  solve  this  problem  for  other  values  of  K,  we  draw  an 
auxiliary  horizontal  line  through  the  point  found.  From  its  Intersec¬ 
tion  with  a  vertical,  for  example,  K  =  3,  we  find  that  In  order  to  ob¬ 
tain  a  result  accurate  to  within  10 $6  for  the  K  =  3  case,  it  Is  suffi¬ 
cient  to  carry  out  observations  here  over  a  period  of  one -two  days. 
Similarly,  from  the  intersection  of  this  same  horizontal  line  with  the 
vertical  line  for  K  =  16  (the  destructive  Khait  earthquake  of  July 
1949  belongs  in  the  K  =  16  class),  we  find  that  in  order  to  determine 
the  mean  earthquake  recurrence  for  this  class  with  the  same  10$  accu¬ 
racy  by  means  of  earthquake  observations  for  precisely  this  class  K  = 
=  16,  it  would  be  necessary  to  carry  out  observations  in  this  district 
for  a  period  of  more  than  1000  years. 

We  note  that  the  nomogram  (Fig.  101)  may  be  used  also  to  solve 
several  other  problems;  thus,  for  example,  it  is  possible  to  find  the 
degree  of  accuracy  (with  what  error  &K)  it  Is  possible  to  determine 


the  mean  earthquake  recurrence  for  a  specific  K  class  if  observai.  one 
in  a  given  district  (with  given  S  and  A)  are  assumed  to  have  bee'  i-.r.c- 
ried  out  over  a  given  period  tK» 

§4.  SEISMIC  REGIME  OF  THE  GARM  DISTRICT 

There  are  two  main  trends  in  the  study  of  the  seismic  regirv 
the  Garm  district:  a)  the  study  of  the  mean  earthquake  -re  carre  nee  .■har,~ 
acteristics  for  the  district  as  a  whole,  and  for  individual  sections 
of  it  and  b),  the  study  of  the  time  variation  in  the  seism  c  re.:;  me, 
its  characteristics,  and  parameters. 

Here,  by  the  Garm  district  we  mean  a  region  lying  tec/cen  .  "jt 
and  39°30'  North  latitude  and  70°00'  and  71°30'  East  longitude,  ct: ring¬ 
ing  the  nonseismic  Southeastern  corner  of  this  rectangle,  Che  v.  id 

O 

area  of  the  district  under  study  amounts  to  13,500  km1''.  A  sb.e:  .  u..' c 
map  of  the  district  showing  its  division  into  sections  is  given  in 
Fig.  102. 

The  over-all  period  covering  the  observations  entering  into  the 
treatment  of  the  given  district  lasted  from  1  January  1955  to  3C  Novem¬ 
ber  1956,  i.e.,  it  equaled  23  months. 

Studying  the  Earthquake -Recurrence  Characteristics 

Graphs  of  earthquake  recurrence  were  compiled  for  the  district  as 
a  whole  and  for  its  individual  sections.  As  a  male,  the  analysis  made 
use  of  all  earthquakes  having  epicenters  lying  within  the  given  dis- 
trict,  and  having  energies  E  =  10  joules,  beginning  with  the  K  =  6 
class.  We  tended  to  use  only  low-energy  earthquakes  in  order  to  exclude 
the  effect  of  seismic-station  location. 

The  largest  number  of  observations  were  used  to  compile  a  recur¬ 
rence  chart  for  the  entire  district:  2500  earthquakes  ranging  from  K  = 
=  6  to  K  =  13.  This  amounted  to  28#  of  all  of  the  earthquakes  handled 
by  the  expedition;  72#  of  the  earthquakes  belonged  to  the  lower  energy 
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classes,  chiefly  K  -  4  and  K  =  5« 

The  earthquake-recurrence  graph  for  the  entire  Garrn  distr-ot 
shown  In  Pig.  103.  The  ellipses  on  this  graph  Indicate  the  magnitude 
Af  errors  in  determining  the  density  N*  of  c  .  rthquake  rec  .rr  ■. 
each  class  separately.  On  the  K  axis,  tr.e  eirr.r  size  is  -  .uc^c  y  . 


Fig.  102.  Diagram  showing  division  of  Garm  dis¬ 
trict  into  sections.  Solid  lines  indicate  3eoVcr 
boundaries;  dashed  lines  show  boundaries  and  dash- 
dot  lines  axes  of  strips  Isolated  for  Pig.  109. 

The  names  of  the  sections  are  as  follows:  l) 

Tovll'-Dora;  2)  southern  zone;  3)  axial  section  of 
Toter  I  Range;  4)  Shaklisu;  5)  Tadzhikabad;  6) 

NLaich;  7)  Kolonak;  8)  Chusal;  9)  Khait;  10)  Dzhir- 
gatal ' . 

i.e.,  at  a  half -order  for  E;  along  the  N*  axis  are  plotted  the  nta  •. 
deviations  for  the  mean  monthly  recurrence  values,  taken  from  23 
monthly  observations.  Table  15  gives  the  corresponding  numerical  ^tr. 

In  the  first  line  of  this  table,  the  K  earthquake -energy  claacu^ 
are  enumerated.  In  the  following  lines,  the  table  gives  the  correspond 
ing  values  for  the  following  quantities:  1,  the  mean  monthly  number  of 
earthquakes  in  a  given  class  for  the  entire  district;  N*,  the  earth¬ 
quake  -recurrence  density,  representing  the  number  of  earthquake  s  p.r 
100  km2  of  area  or  per  10^  km^  of  volume,  for  a  one-year  time  interval 


TABLE  15 

Mean  Earthquake  Recurrence  for  Various  K  Energy 
Classes  in  Garm  District,  1955-1956 
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&N  is  the  relative  mean-square  deviation  of  the  observed  monthly  val¬ 
ues  N  from  the  arithmetic  mean  T5;  6^  is  the  relative  error  In  the  de¬ 
termination  of  the  mean  monthly  value  of  the  quantity  T5  (and  also  N# ■ : 

the  following  relationship  holds  between 
and  6^:  where  n  =  23  —  t;.e  num¬ 

ber  of  months  in  the  total  observation  period. 
The  quantities  6^  and  are  given  in  the 
table  in  percent. 

We  see  that  for  K  =  6-9,  the  relative 
error  in  the  mean-monthly  recurrence  val¬ 
ues  U  does  not  exceed  10#,  reaching  about 
this  value  for  K  =  10.  It  then  rises  sharply 
with  increasing  K,  going  to  nearly  50#  for 
K  =  13.  This  is  caused  by  the  decrease  in  the 
number  N  of  the  earthquakes  as  the  energy  in¬ 
creases. 

The  large  number  of  earthquakes  observed 
makes  it  possible  to  draw  a  quite  trustworthy  average  line  on  the  re¬ 
currence  graph  of  Fig.  103,  using  points  for  earthquakes  in  the  seventh 
through  tenth  energy  classes.  There  is  some  decrease  in  the  number  of 
points  in  class  6  with  respect  to  the  number  determined  by  the  general 
linear  relationship,  due,  evidently,  to  the  omission  of  some  of  these 


Fig.  103.  Graph  show¬ 
ing  earthquake  recur¬ 
rence  for  Garm  dis¬ 
trict,  1955-1956. 


weak  earthquakes  in  the  analysis  of  observations  for  border  zones  of 
the  district. 

On  the  basis  of  two-year  (more  precisely,  23-month)  observations, 
the  seismic  activity  for  the  entire  Garm  district  amounted  to  A  * 

=  5.5  +  0.5,  while  the  angular  coefficient  for  the  recurrence  graph 
equals  y  =  0.43  +  0.05.  An  estimate  of  the  errors  involved  in  deter¬ 
mining  the  mean  values  of  the  parameters  A  and  y  was  made  by  comparing 
the  monthly  recurrence  graphs. 

Thus,  the  recurrence  graph  obtained  over  a  two-year  observation 
period  for  the  Garm  district  quite  reliably  characterizes  the  contem¬ 
porary  mean  seismicity  of  the  region,  to  within  10^,  for  earthquakes 
of  the  sixth  through  tenth  energy  classes.  For  a  direct  determination 
of  the  mean  recurrence  for  magnitude  6-7  earthquakes  of  class  13  to 
within  the  same  10^,  it  would  be  necessary  to  increase  the  observation 
period  to  nearly  70  years  (see  Fig.  100  or  the  nomogram  of  Fig.  101). 

In  addition,  the  location  of  the  observation  points  on  the  graph  indi¬ 
cates  that  they  fall  quite  well  on  the  line,  even  for  the  two-year 
observation  period;  the  line  may  be  used  for  extrapolation  to  the 
stronger-earthquake  region. 

If  an  estimate  of  the  mean  seismicity  for  such  an  active  district 
as  the  Garm  district  from  class  K  =  13  earthquakes  would  be  difficult 
in  view  of  the  length  of  time  required  to  obtain  reliable  Initial  data, 
such  an  estimate  would  be  Impossible,  in  practice,  for  less  active  dis¬ 
tricts  such  as  the  Stallnabad  district.  Thus,  in  order  to  determine 
earthquake  recurrence  for  an  estimate  of  the  seismic  activity  of  dis¬ 
tricts,  it  is  necessary  to  bring  weaker  earthquakes  into  the  analysis 
so  as  to  obtain  a  sharp  increase  in  the  total  number  of  earthquakes 
observed;  it  is  also  necessary  to  evaluate  the  possibility  of  extrap¬ 
olating  the  regularities  obtained  to  the  strong-earthquake  region,  by 
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studying  the  mean  seismic -regime  parameters  in  terms  of  the  entire 
group  of  data. 

The  earthquake  recurrence  is  determined  not  only  for  the  Oarm 
district  as  a  whole,  but  also  for  the  basic  seismic  zones  (Northern, 
Central,  and  Southern),  for  individual  strips,  and  for  various  locali¬ 
ties  of  the  district.  On  the  corresponding  graphs  (Pigs.  104-107),  as 
before,  the  earthquake -energy  classes  K  are  plotted  along  the  horizon¬ 
tal  axis,  and  the  mean  monthly  recurrence  values  N*  along  the  vertical 
axis.  The  various  designations  indicate  points  referring  separately  to 
1955  and  to  1956,  as  well  as  to  both  years  together. 

1.  Northern  zone.  Table  16  gives  values  for  the  basic  parameters 
A  and  7  for  individual  sections  of  the  Northern  Surkhob  River  strip. 

TABLE  16 

Values  of  the  Parameters  A  and  7  for 
Sections  of  the  Northern  Surkhob 
River  Strip  from  1955-1956  Observa¬ 
tions 


1  ysaCTOK 

8  KJM’ 

1 

A 

Y 

2  JlmupraTa.ib  .... 

144 

8.4 

0,43 

3  Xaiir . 

245 

20.8 

0,47 

4  Hyca.1 . 

315 

9.6 

0,50 

5  KojouaK . 

275 

«.4 

0,50 

1)  Section;  2)  Dzhirgatel';  3)  Khalt 

4)  Chusal;  5)  Kolonak. 

When  the  level  of  the  seismic  activity  A  is  examined,  the  Khalt 
section  stands  out  sharply;  it  is  the  most  active  section  in  the  en¬ 
tire  Oarm  district.  The  high  activity  of  this  section  is  quite  stable 
in  time:  the  mean-annual  activity  in  1955  and  1956  was  nearly  the  seme 
for  this  section  -AS  20.  The  high  seismicity  of  the  Khait  section 
mi  also  exhibited  by  observations  of  earlier  expeditions  [1,  2,  4,  83], 
and  data  from  the  regional  seismic  network  over  a  long  period  of  time 
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til,  227]. 

The  earthquake -recurrence  graph  for  all  four  sections  of  the 
Northern  Surkhob  River  strip  together  Is  shown  in  Fig.  lC4a.  The  next 
graph.  Fig.  104b,  characterizes  the  earthquake  recurrence  for  the  en¬ 
tire  Northern  Surkhob  zone  from  Garm  to  Dzhlrgatal '  .  For  this  zone, 

A  ~  6.2  and  y  =  0.45.  The  graph  Indicates  a  large  Increase  In  activity 
during  1956  in  comparison  with  1955*  This  increase  occurred  chiefly 
owing  to  the  Northwestern  Dzhi .  ;aial '  section,  which  in  1956  was 
noticeably  more  active  than  in  1955*  In  particular,  on  30  June  1956, 
a  class  13  earthquake  occurred. 

2.  Central  zone.  Information  on  earthquake  recurrence  in  sections 
of  this  zone  Is  given  in  Table  17  and  on  Fig.  105. 

The  data  for  the  eastern  regions  is  the  most  reliable.  Here,  ow¬ 
ing  to  the  partial  neglect  of  class  6  earthquakes,  the  recurrence  line 
was  drawn  basically  only  for  the  three  earthquake  classes  K  =  7-9.  Hie 
general  activity  level  for  these  sections  in  1956  was  somewhat  leBS 
than  in  1955*  The  decrease  in  activity  during  1956  was  also  observed 
for  the  Tadzhikabad  section,  which  lies  in  the  Surkhob  River  strip.  For 


TABLE  17 

Values  of  Parameters  A  and  y  for  Cen¬ 
tral  Seismic-Zone  Sections  from  Ob¬ 
servations  of  1955-1956 


1  V.acrOK 

S  KM 9 

A 

V 

niiiK.mcy . 
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0,50 

1)  Section;  2)  Shaklisu;  3)  Tadzhik¬ 
abad;  4)  Nimich;  5)  axial  seotlon  of 
Peter  I  Range;  6)  Tovil'-Dora. 


the  remaining  sections  of  this  strip:  in  1956,  an  increase  In  activity 


Pig.  104.  Graphs  of  earthquake  recurrence  for 
Northern  zone,  a)  Northern  Surkhob  River  strip 
( Garm-Dzhirgatal ' ) ;  b)  entire  northern  Surkhob 
zone. 


Fig.  105.  Earthquake-recurrence  graphs  for  Central 
zone,  a)  Axial  section  of  Peter  I  range;  b)  Chil'- 
Dora  district. 


was  observed,  due  chiefly  to  stronger  earthquakes. 

In  1956,  there  was  a  sharp  rise  in  the  activity  of  the  axial  por¬ 
tion  of  the  Peter  I  range  (Fig.  105a).  The  basic  role  la  this  increase 


TABIZ  18 

Characteristics  of  Seismic  Activity  for 
Chil'-Dora  District,  1955-1956 
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was  played  by  the  Chil'-Dora  district  (Pig.  105b),  which  falls  within 
this  section.  Prom  the  end  of  1955  on  through  the  entire  year  of  1956, 
the  two-year  maximum  number  of  strong  class  11-13  earthquakes  for  the 
entire  Garm  district  occurred  here,  as  well  as  a  considerable  number 
of  weaker  earthquakes.  In  1955,  the  activity  of  this  district  was  A  = 

=  9.6,  and  in  1956,  it  rose  to  A  =  25*  This  increase  in  activity  with 
respect  to  weak  earthquakes  was  to  a  large  degree  due  to  the  after¬ 
shocks  of  strong  earthquakes.  The  slope  angle  of  the  recurrence  curve 
remained  practically  unchanged  in  this  case:  y  =  O.33.  Numerical  data 
for  this  district  is  given  in  Table  18. 

The  K  earthquake -energy  classes  are  given  in  the  first  line  of 
this  table,  and  in  the  following  lines  we  have  the  quantities:  ^1955 
and  the  mean-monthly  number  of  earthquakes  for  1955  and  for 

1956,  6n,  the  relative  standard  deviation  of  the  observed  monthly  val¬ 
ues  of  N  from  the  arithmetic  mean  U  for  the  two-year  period,  the 
relative  standard  error  in  the  determination  of  the  arithmetic  mean  H 
over  the  two-year  period  ( 6^  and  are  given  in  percent) ;  R,  the  meas¬ 
ure  of  the  dispersion  of  the  earthquake  recurrences  with  respect  to 
the  two-year  data,  oR,  the  standard  error  in  the  determination  of  the 
quantity  R. 

A  very  indicative  characteristic  of  this  region  of  unstable  seis- 
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Fig.  106.  Earthquake  - 
recurrence  graphs  for 
the  Southern  zone  (the 
zone  of  the  Karakul' 
fault). 


Fig.  107.  Earthquake  - 
recurrence  graphs,  a) 
Chusal  section.  6-month 
observation;  b)  neigh¬ 
borhood  of  Chusal  sta¬ 
tion,  3  days. 


micity  Is  the  behavior  of  R,  the  measure  of  earthquake -recurrence  dis¬ 
persion.  While  for  the  entire  Oarm  district,  the  mean  level  of  R  Is 

close  to  unity,  for  the  Chil '  -Dora  district,  the  mean  value  of  this 

quantity  equals  2.0  (see  Table  18). 

On  the  whole,  the  entire  western  section  of  the  central  zone,  in¬ 
cluding  the  Tovil' -Dora  section,  is  characterized,  on  the  average, 
over  the  two-year  period  by  roughly  the  same  activity  A  *  3*6.  The 

equalization  In  activity  for  these  districts  occurred  owing  to  a  de¬ 

crease,  during  1956*  In  the  aotlvity  of  the  Tovil* -Dora  section. 

3.  Southern  zone.  For  the  Southern  seismic  zone,  the  earthquake 
recurrence  (Fig.  106),  on  the  average  over  the  two-year  period,  taken 
for  all  three  seotlons  together,  is  characterized  by  the  following 


values  of  the  basic  parameters:  A  -•=  3.6,  7  =  0.43.  ftie  sections  of 
this  zone  are  characterized  by  a  quite  large  spread  of  points  on  the 
recurrence  curves.  The  lines  drawn  in  Fig.  106  through  the  observation 
points  for  1955  and  1956,  differ  quite  sharply  in  their  values  of  the 
parameter  7.  For  1955 >  these  values  are  lower  (7  =  O.35),  than  for 
1956  (7  =  0.48).  Here,  the  activity  level  A  for  the  seventh  earthquake 
energy  class  is  nearly  Invariant  in  both  cases.  The  variation  In  the 
slope  of  the  line  occurs  owing  to  the  stronger  earthquakes  that  oc¬ 
curred  in  this  zone  during  1955* 

Stability  Evaluation  for  Determination  of  Parameters  of  Earthquake- 
Hecurrence  Characteristics 

Such  an  evaluation  is  carried  out  from  two  points  of  view.  First, 
we  are  interested  in  the  possibility  of  determining  the  parameters  A 
and  7  in  districts  having  a  normal  seismic  regime  over  short  periods 
and,  second,  in  investigating  the  possibility  of  extrapolating  recur¬ 
rence  curves  for  a  normal  regime  to  strong  earthquakes.  By  a  "normal" 
regime,  we  mean  a  regime  whose  characteristics  and  parameters  differ 
little  from  those  for  the  long-term  average  regime  in  the  given  region 

1.  Evaluating  stability  of  recurrence  curves  over  short  periods 
of  time.  To  do  this,  special  graphs  of  this  type  were  constructed.  For 
the  Chusal  section,  such  a  graph  was  plotted  from  six-month  observa¬ 
tions  during  the  firBt  half  of  1956  (Fig.  107,  line  a).  TCie  level  of 
seismic  activity  A  over  this  period  (A  =  8)  turned  out  to  be  somewhat 
less  than  the  mean  activity  level  for  this  section  over  two  years  (A  « 
=  9.6),  while  the  parameter  7  for  the  recurrence  curve  over  the  seise 
period  was  7  *  0.57  -  somewhat  more  than  the  mean  value  7  «  0.50  (see 
Table  16).  The  sizes  of  the  relative  errors  in  the  recurrence  deter¬ 
minations  are  shown  in  this  graph  by  ellipses.  As  say  be  seen,  for 
classes  K  -  5-8*  the  errors  are  not  very  large,  and  the  average  line 


can  in  this  case  be  drawn  quite  reliably.  The  graph  obtained,  on  the 
whole,  gives  a  rather  good  picture  of  the  average  seismic  regime  for 
this  section. 

Observations  taken  over  a  shorter  period,  amounting  all-in-all  to 
only  three  days,  from  8  to  10  April  1955*  were  used  to  plot  the  recur¬ 
rence  graph  (Fig.  107,  line  b)  for  the  area  in  Immediate  proximity  to 
the  Chusal  station,  on  the  basis  of  very  weak  recorded  earthquakes, 
belonging  to  energy  classes  1-7-  Here,  the  position  of  the  epicenters 
was  not  determined.  All  earthquakes  recorded  at  the  Chusal  station  by 
the  MPS  seismograph,  having  a  magnification  of  about  5*10^,  showing  a 
time  difference  t  -  t  in  the  arrival  of  the  transverse  S  and  long  I  - 

8  p 

tudlnal  P  waves  not  exceeding  2.5  sec  were  considered,  l.e.,  those 

earthquakes  whose  hypocentral  distances  did  not  exceed  roughly  20  km. 

Ihe  area  over  which  the  epicenters  of  these  earthquakes  were  dlstrlb- 

o 

uted  amounted  to  about  1000  km. 

Die  earthquake  energies  were  determined  from  the  amplitude  nomo¬ 
gram  (Fig.  47,  Chapter  4).  The  earthquakes  observed  were  processed  in 
accordance  with  four -hour  elementary  time  Intervals.  Here  we  have 
given  the  numbers  of  earthquakes  in  the  various  K  energy  classes  ob¬ 
served  in  the  separate  time  Intervals.  The  bottom  line  of  the  table 
gives  the  total  numbers  Ng  of  earthquakes  in  the  various  classes  ob¬ 
served  over  three  days. 

Table  19  shows  the  results  of  calculations  carried  out  by  means 
of  the  data  of  Table  20.  Here  we  find  the  quantities:  H,  the  average, 
over  three  days,  four -hour  number  of  earthquakes  in  the  various  K 
classes j  og,  the  standard  deviation  of  the  four-hour  numbers  from  "the 
mean  arithmetic  value  N;  «g,  the  standard  error  In  the  determination 
of  D;  6g  and  6p,  the  relative  deviations  corresponding  to  the  absolute 
values  of  c»g  and  eg;  R,  the  measure  of  the  dispersion  of  the  recur- 


rences;  oR,  Its  standard  error. 

Above,  we  have  indicated  the  Importance  of  studying  weak  earth¬ 
quakes  in  order  to  find,  within  short  time  periods,  the  laws  governing 
earthquake  recurrence  in  different  districts.  For  the  Chusal  district, 

TABLE  19 

Characteristics  of  Seismic  Activity  in 
Neighborhood  of  Chusal  Station  from  Three- 
Day  Observations 
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despite  the  very  short  observation  period  —  three  days  —  the  recurrence 
graph  of  Fig.  107,  line  b,  quite  well  reproduces  the  recurrence  graph 
of  the  somewhat  larger  district,  Chusal,  for  a  longer  observation 
period  (Fig.  107,  line  a).  As  a  matter  of  fact,  for  the  three-day  ob¬ 
servations  we  have:  A  =  12,  y  ~  0.47,  while  for  a  period  of  nearly  two 
years,  A  =  9.6,  y  =  0.50. 

The  quantity  R  is  close  to  unity,  both  according  to  the  three-day 
observations  in  Chusal,  and  according  to  the  two-year  observations 
over  the  entire  Qarm  district. 

The  behavior  of  the  dispersion  measure  R  in  two  districts,  Chil' - 
Dora  and  Chusal,  is  very  indicative.  Despite  the  Increased  activity, 
the  regime  of  the  Chusal  district  is  "normal,"  and  close  to  the  average 
regime  of  the  entire  derm  district  over  a  relatively  long  period  of 
time.  Here,  we  have  a  value  of  R  close  to  unity,  with  a  small  spread 
in  the  individual  determinations  of  this  quantity.  In  the  Chil '-Dora 

-  368  * 


district,  an  anomalously  large  value  of  R  (=  -.2)  is  observed,  together 
with  a  large  spread  in  the  determinations.  This  "anomaly"  in  the  seis- 
mic  regime  of  Chil ' -Dora  agrees  well  with  the  fact  that  observations 
in  this  district  over  a  period  of  many  years  show  that  the  district  is 
relatively  calm,  and  that  it  is  only  for  1956  that  a  sharp  rise  in  ac¬ 
tivity  with  considerable  monthly  fluctuations  may  be  observed.  It  is 
clear  from  this  example  that  the  value  of  R  may  serve  as  an  index  of 
normality  (R  -  ~1)  or  abnormality  (R  »  1)  for  the  seismic  regime  of 
the  districts  studied  over  the  length  of  the  observation  period. 

All  of  the  earthquake-recurrence  graphs  given  show  that  on  the 
average,  the  slopes  of  the  recurrence  curves  vary  within  small  limits. 

A  noticeable  decrease  in  the  value  of  y  will  be  connected,  as  a  rule, 
with  a  rise  in  the  district  activity,  mainly  owing  to  an  increase  in 
the  number  of  comparatively  infrequent  stronger  earthquakes.  Wie  value 
of  the  activity  A  In  this  case  may  also  remain  substantially  unchanged. 

2.  Evaluation  of  the  possibility  of  extrapolating  the  recurrence 
curves  to  strong  earthquakes.  For  this  purpose,  the  data  gathered  by 
our  expedition  for  weak  earthquakes  was  plotted  on  a  Blngle  graph  (Fig. 
108):  1)  Oarm  district,  2)  Stallnabad  district,  and  3)  Chusal  district; 
4)  data  of  V.I.  Bune  [107]  for  strong  earthquakes  in  the  Oarm  district 
over  a  25-year  period;  0)  data  of  Gutenberg  and  Richter  [64]  for  des¬ 
tructive  shallow-focus  earthquakes  throughout  the  entire  world  over  a 
period  of  several  decades. 

On  this  graph,  the  lines  for  weak  (1)  and  strong  (4)  earthquakes 
for  the  Oarm  region  coincide,  for  all  practical  purposes,  although  the 
different  lines  were  plotted  on  the  basis  of  different  data  and  vary¬ 
ing  observation  periods,  the  slope  of  these  curves  is  y  -  0.43,  the 
seismic  activity  is  A  -  5*5*  The  graph  for  the  Chusal  district,  for 
the  three -day  period,  has  nearly  the  same  slope  (y  -  0.47)*  although 
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Number  of  Weak  Earthquakes  In  Neighborhood 
of  Chusal  Station  from  Three -Day  Observa¬ 
tions 
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1)  Observation  period,  date,  hours, 
the  activity  level  In  this  case  Is  roughly  twice  as  great  (A  »  12). 

For  the  Stallnabad  district,  the  slope  Is  maintained,  approximately, 
at  y  »  0.47,  but  A  =  0.9.  For  the  world  as  a  whole,  according  to  data 
on  destructive  shallow-focus  earthquakes  [64],  y  *  0.45  for  the 
straight-line  portion  of  the  curve,  and  A  «  0.Q3. 

The  approximate  constancy  of  the  slopes,  y  a  0.45,  for  the  curves 
of  the  mean  earthquake  recurrence  Is  noteworthy.  It  is  maintained  over 
a  very  wide  range  of  earthquake-energy  variation:  from  K  -  1  to  K  -  17, 
i.e. ,  over  16  orders  of  magnitude  of  variation  in  B,  for  various  seis¬ 
mic-activity  levels  (on  Fig.  108,  from  A  -  0.03  to  A  «  12),  for  ob¬ 
servations  over  different  time  intervals  (from  three  days  to  several 
deoades),  and  for  various  areas  investigated  (from  1000  km2  to  the  en- 
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Fig.  108.  Comparison  of  earth¬ 
quake-recurrence  graphs  for 
various  energy  ranges.  1)  Qarm 
region,  from  data  of  TKSE;  2) 

Stalina bad  district;  3)  neigh¬ 
borhood  of  Chusal;  4)  Qarm  dis¬ 
trict,  according  to  V. I.  Bunej 
5)  entire  world,  shallow-focus 
earthquakes,  according  to 
Gutenberg  and  Richter. 

tire  surface  of  the  earth). 

The  considerable  deviations  In  y  from  the  mean  value  y  =*  0.45  on- 
countered  In  Isolated  Infrequent  cases  may  Indicate,  together  with  con¬ 
siderable  departures  of  R  from  unity,  abnormality  In  the  regime  far  a 
given  district  over  a  given  time  Interval.  In  these  cases,  especial 
care  must  be  exercised  with  respect  to  the  evaluation  of  the  mean  seis¬ 
mic  activity  of  the  district  on  the  basis  of  comparatively  brief  ob¬ 
servations. 

The  values  of  the  parameters  A  and  y  for  the  average  seismic  re¬ 
gime  for  each  actual  district  make  it  possible  to  proceed  to  an  evalu¬ 
ation  of  the  possible  mean  recurrence  (repetition  frequency)  of  strong 
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earthquakes  In  this  district,  i.e.,  to  a  solution  of  one  of  the  most 
Important  problems  of  seismic  districting.  In  view  of  the  fact  that 
the  recurrence  graphs  in  a  strong-earthquake  region,  as  a  rule,  bend 
only  downward,  the  values  of  A  and  y  for  the  straight-line  portion  of 
these  graphs  make  it  possible  to  estimate  at  least  the  maximum  possible 
strong-earthquake  recurrence. 

Investigation  of  Time  Variation  in  Seismic  Regime 

For  the  Garm  district,  this  investigation  was  carried  out  in  the 
following  main  directions:  l)  examination  of  the  seismic  regime  itself 
as  a  sequence  of  earthquakes  having  various  energies  in  time  and  in 
space;  2)  examination  of  the  time  variation  in  certain  indices  and 
parameters  of  the  seismic  regime;  c)  analysis  of  correlation  relation¬ 
ships  among  various  regime  parameters  that  vary  in  time;  3)  comparison 
of  time  variation  in  regime  parameters  determined  from  weak  earth¬ 
quakes  with  individual  stronger  earthquakes. 

1.  Examination  of  seismic  regime  in  time  and  in  Bpace.  Such  an 
examination  was  carried  out  separately  for  various  specially  chosen 
sections  of  the  Garm  district.  Wie  sections  were  taken  in  the  farm  of 
strips,  so  as  to  permit  the  plotting  of  space-time  graphs  of  the  seis¬ 
mic  regime  for  them  in  the  x,t  plane  (see  §3  of  this  chapter  for  a 
more  detailed  discussion  of  the  plotting  of  such  graphs).  Three  strips 
about  10-12  km  wide  were  selected.  The  longitudinal  axes  of  these 
strips  are  shown  on  Fig.  102.  Earthquakes  whose  epicenters  fell  within 
these  bands  are  associated  with  the  axial  line  of  the  section  (the  x 
coordinate).  Corresponding  diagrams  for  regime  variation  in  time  and 
in  space  are  shown  in  Fig.  109.  \ 

Strip  1  (I-I',  Fig.  102).  This  strip  is  located  along  the  Karakul'  j 
fault.  Its  seismic  activity  is  very  irregular.  In  1955,  the  number  of 
weak  earthquakes  was  greater  to  the  west  than  to  the  east.  Two  strong 
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class  12  and  11  earthquakes  occurred  precisely  in  the  eastern  section, 
however,  against  a  background  of  almost  complete  seismic  calm.  During 
1955*  a  certain  shift  in  seismic  activity  from  west  to  east,  toward 
the  region  in  which  strong  earthquakes  appear,  was  observed.  The  year 
1956  was  characterized  by  a  uniform  distribution  of  weak  earthquakes 
over  the  entire  zone. 

It  is  noteworthy  that  the  strong  earthquake  of  12  August  1959  was 
accompanied  by  almost  no  aftershocks,  while  the  earthquake  of  13  Nov¬ 
ember  1955  was  accompanied  by  a  large  number  of  aftershocks. 

Strip  2  covers  the  southern  slopes  of  the  Peter  I  range.  Two  seis¬ 
mic  districts  fall  within  this  strip:  Chil'-Dora  and  the  Ishtion  dis¬ 
trict.  The  eastern  edge  of  the  band  overlaps  the  first  band  somewhat. 
Within  the  band  there  are  two  seismic  sections,  separated  by  a  zone  of 
relative  calm.  The  strong  (K  =  13)  Chil'-Dora  earthquake  of  11  April 
1956  fell  within  the  western  zone.  A  relatively  high  activity  level  is 
observed  in  both  sections  during  the  months  preceding  strong  shockB, 
and  it  is  only  directly  before  these  shocks  that  periods  of  relative 
calm  are  observed.  Both  shocks,  western  and  eastern,  were  accompanied 
by  considerable  numbers  of  aftershocks. 

Strip  3  falls  in  the  axial  section  of  the  Peter  I  range.  The  ac¬ 
tivity  of  the  entire  strip,  with  respect  to  weak  earthquakes,  is  quite 
uniform.  Rather  strong  class  10  shocks  occurred  in  1955  In  its  eastern 
section.  Throughout  this  entire  year,  there  was  a  tendency  for  some 
shift  in  foci  to  the  west.  In  the  eastern  zone  of  the  strip,  at  the 
beginning  of  1955,  there  was  a  single  class  il  earthquake  against  a 
background  of  almost  total  calm.  The  strongest  earthquake  to  occur  in 
this  band,  falling  in  the  twelfth  energy  class,  occurred  22  September 
1956.  Prior  to  this  earthquake ,  a  period  of  relative  seismic  calm  was 
also  observed.  Relatively  few  aftershocks  were  associated  with  this 


earthquake.  The  space-time  regime  curves  for  strips  2  and  3  have  been 
published  earlier  [1713* 

Strip  4  (II- II',  Pig.  1C2)  covers  the  northern  slopes  of  the 
Peter  I  range  and  the  left-bank  portion  of  the  valley  of  the  Surkhob 
River.  Within  the  strip,  two  sharp  shocks  of  the  twelfth  and  eleventh 
classes  were  noted  at  the  beginning  of  1956  (II-II1,  Fig.  109b).  Prior 
to  the  earthquake  of  14  January  1956,  following  a  period  of  relative 
calm,  a  certain  increase  in  activity  was  observed  directly  before  the 
earthquake.  The  aftershocks  for  these  earthquakes  were  small.  Through¬ 
out  1955,  high  seismic  activity  was  observed  to  the  east,  while  In 
1956,  the  seismic  activity  was  distributed  quite  uniformly  over  the 
entire  strip. 

Strip  5  (III- III',  Fig.  102)  covers  the  entire  valley  of  the  Sur¬ 
khob  River  from  Dzhirgatal'  to  the  east  and  roughly  to  the  70°00' 
meridian  in  the  west.  The  seismic  activity  of  the  strip  (111-111',  Fig. 
109c)  differs  in  its  various  sections.  In  the  central  and  eastern  sec¬ 
tions,  the  level  of  activity  is  quite  high,  while  to  the  west,  across 
the  meridian  of  the  Yaldymych  station,  it  drops  sharply.  In  this  sec¬ 
tion,  there  are  only  isolated  extremely  rare  earthquakes.  The  strongest 
earthquakes  of  strip  5  fall  into  strip  4,  and  have  been  considered 
above.  In  1955*  the  greatest  number  of  epicenters  was  observed  in  the 
central  portion  of  strip  5.  Since  the  end  of  1955  some  tendency  toward 
a  shift  in  activity  to  the  east  has  been  observed.  Throughout  1956, 
the  seismic  activity  was  quite  uniformly  manifested  in  the  central  and 
eastern  sections  of  the  strip. 

The  quantitative  examination  of  the  seismic  activity  for  individual 
sections  of  the  Qarm  district  given  above  indicates  that  we  here  often 
see  a  certain  decrease  in  activity  prior  to  stronger  earthquakes.  The 
degree  of  deorease  and  the  length  of  the  period  of  relative  calm  dlf- 
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Pig.  109.  Space-time  seismic -regime  graphs,  a)  Karakul1  dis¬ 
continuity  (strip  I  in  Pig.  102);  b)  Northern  slopes  of  the 
Peter  I  range  (strip  II);  c)  Surkhob  river. valley  (strip  III), 
minimum  energy  of  Indicated  earthquakes  10^  joules;  murimmi, 
lvM*  Joules* 
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fer  In  different  cases,  and  It  Is  still  very  difficult  to  discern  any 
quantitative  relationships  in  this  region  that  would  indicate  the  Im¬ 
minence  of  a  stronger  shock. 

The  diagrams  considered  show  clearly  that  in  the  various  dis¬ 
tricts  and  sections  rather  sharp  variations  in  seismic  activity  with 
time  are  observed,  although  the  average  indices  of  seismicity  for 
large  regions  with  respect  to  time  or  space  may  in  this  case  vary  lit¬ 
tle.  As  a  result,  a  pore  detailed  study  is  required  in  analyzing  seis¬ 
mic  activity  of  the  time  variation  in  the  activity  of  individual  small 
sections,  in  order  to  find  the  regularities  governing  activity  varia¬ 
tions  in  time  and  in  space.  At  present,  it  seems  that  the  only  way  of 
speeding  up  the  study  of  this  aspect  of  the  seismic  regime  is  the 
utilization  of  weaker  earthquakes  in  the  analysis. 

2.  Time  variation  of  seismic -regime  parameters.  The  curves  of 
Fig.  110  were  plotted  for  the  entire  Garm  district;  they  show  the  time 
variation  of  the  basic  seismic -regime  parameters,  the  quantities  A,  y, 
and  R;  there  is  also  the  corresponding  graph  for  the  accumulation  of 
arbitrary  strains  after  Benioff,  plotted  in  accordance  with  the 

ideas  discussed  In  §3  of  the  present  chapter. 

The  systematic  decrease  In  activity  (the  calm)  prior  to  stronger 
shocks  is  not  noticeable  on  the  Benioff  graph.  It  Is  possible,  pro¬ 
vided  that  such  phenomena  do  exist,  that  they  are  only  local  in  char¬ 
acter,  and  that  their  effect  1b  lost  owing  to  the  degree,  of  averaging 
involved  here.  In  some  cases,  on  the  other  hand,  a  certain  increase  In 
activity  is  noted  on  this  graph  prior  to  strong  shocks.  On  the  whole, 
the  activity  pattern  for  the  entire  district  is  quite  uniform,  accord¬ 
ing  to  the  Benioff  graph. 

Let  us  now  examine  the  curves  A(t),  y(t),  and  R(t),  as  well  as 
the  curve  for  the  product  n(t)  -  A*y*R.  The  points  on  the  A(t)  and 


Pig.  110.  Time  variation  In  parameters 
R,  A  from  monthly  data  and  Adelc# 

from  decade  data,  and  graph  II(t)  *  AyR 
and  arbitrary-strain  accumulation  graph 
for  Garm  district. 

y(t)  curves  were  plotted  from  mean  monthly  data  and  from  decade  data; 
for  R,  the  monthly  values  were  used.  The  monthly  values  were  also  used 
to  plot  a  curve  showing  the  time  variation  In  the  product  R(t)  »  A.yR. 

We  cannot  find  any  well-defined  relationships  among  the  time  vari¬ 
ations  of  the  corresponding  quantities  by  direct  Inspection  of  this 
group  of  graphs,  nor  can  we  see  any  connection  between  such  variation 
and  the  moments  of  appearance  of  stronger  shocks,  which  are  reflected 
on  the  Benloff  graph  by  steep  steps. 
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In  order  to  Investigate  the  possible  periodicity  of  time  varia¬ 
tions  in  the  quantities  n(t)  =  A^R  and  A(t),  the  data  of  Pig.  110 
was  subjected  to  a  special  analysis,  using  methods  of  mathematical 
statistics  [170].  Let  us  first  consider  the  function  II(t)  =  A*yR.  The 
points  Xlt  Xg,  Xj,  . ..,  Xjj  on  Fig.  110  represent  the  monthly  values  of 
n(t).  The  graph  takes  the  form  of  a  broken  curve  for  which  a  certain 
periodicity  strikes  the  eye:  a  repetition  of  maxiraums  every  8  months. 

We  are  now  faced  with  the  problem  of  whether  or  not  to  consider  this 
visible  periodicity  a  manifestation  of  some  law,  or  a  random  phenomenon, 
due  to  the  natural  spread  in  the  values  of  the  X^. 

To  solve  this  problem,  we  compute  the  functions  q>(T)  and  f(T), 
defined  by  the  formulas 


-f  (T)  =  Y  X,  sin  i;  W)  -  V  **  cos  —  L 


>  =j 


T» 


Here  i  is  the  number  of  the  month;  n  is  the  number  of  months;  Xj  is 
the  deviation  of  the  relative  monthly  value  of  the  from  the  mean 


arithmetic  value  of  all  of  the  H,,  which  equals  S  (n,/n);  T  is  the 

1  1=1  1 
period  with  which  the  function  repeats. 

From  probability  theory  [170],  it  is  known  that  if  the  periodicity 
is  not  random,  the  numerical  value  of  the  quantity  J <p2  +  f2  at  appro¬ 
priate  values  of  T  will  be  of  the  order  of  n  (for  sufficiently  large 
n),  while  if  the  periodicity  is  random, 

i ? I  < 2  j/ 2  Xf;  !*;<2l/2  A’?;  V?  +  V<  2]f  %  X\. 

*— x  :<->  »  i>i 

The  quantities  e(T)  and  y(T)  were  computed  for  T  =  8  months.  The 
calculation  yields  ^>2  +  y2  =  2.9,  while  2  ■  4.48,  so  that 


Ki*T?><2|/  2JXf. 


r 


This  Indicates  that  the  periodicity  observed  In  the  curve  of  n(t) 
may  be  randan  in  nature. 

A  similar  calculation  was  carried  out  for  the  function  A(t)  (Fig. 

110).  Since  no  dominant  period  T  Is  seen  on  the  curve  for  A(t),  the 

following  possible  values  of  T,  in  months,  were  tested:  36,  18,  12,  9, 

7.2,  and  6.  The  maximum  value  of  the  function  o(T)  «  16.77  was  ob- 

n  « 

tained  for  T  =  12  months;  this  value  was  far  less  than  2  2  '3(7  = 

1*1  1 

however.  Consequently,  the  periodicity  noted  for  A(t)  may  also  be  ac¬ 
counted  for  through  random  causes. 


Fig.  111.  Correlation  function  for  parameters  A  and  y 
for  a)  Garm  district,  decade  data;  b)  Garm  district, 
monthly  data;  c)  Peter  I  range  district,  monthly  data. 

3«  Correlation  functions  for  parameters  A  and  y.  The  graphs  for 
the  time  variation  of  A(t)  and  y(t),  as  well  as  A^^Jt)  and  y^^tt) 
(Fig.  110),  do  not  directly  display  a  well-defined  relationship  among 
these  quantities.  This  does  not  mean,  however,  that  such  a  relation¬ 
ship  does  not  actually  exist.  A  more  objective  examination  of  this 
problem  may  be  carried  out  by  constructing  special  correlation  graphs. 

Figure  111  shews  graphs  of  the  correlation  between  the  quantities 
A  and  y  for  the  entire  Garm  district  (area,  8  «  13*500  km2  from  decade 
(Adek*  %jek)  and  monthly  (A,  y)  data  (Fig.  Ilia  and  b),  as  well  as  for 
the  more  localised  central  sons  of  the  district,  the  region  of  the 
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Peter  I  range  (area  S  =  2400  km2,  from  monthly  data  (Pig.  111c). 

The  decade  data  for  the  entire  Oarm  district  (Fig.  111a)  displays 
a  clear  relationship  between  changes  in  the  quantities  A  and  y,  while 
the  relationship  cannot  be  seen  from  the  monthly  data  (Pig.  111b).  In 
the  first  case,  as  we  see,  as  the  seismic  activity  A  Increases,  the 
slope  parameter  y  for  the  recurrence  curve  decreases,  i.e.,  a  temporary 
increase  in  the  activity  A  corresponds  to  a  relative  increase  in  the 
number  of  strong  earthquakes.  A  similar  relationship  between  A  and  y 
is  noted  also  for  the  smaller  district  from  the  monthly  data  (Pig. 
111c).  The  idea  arises  that  this  inverse  relationship  between  the  time 
variations  in  the  quantities  A  and  y  does  exist,  but  appears  only  in 
sufficiently  small  space-time  regions. 

This  conclusion,  however,  is  still  not  completely  convincing, 
since  it  does  not  exclude  the  possibility  that  the  observed  relation¬ 
ship  was  obtained  not  as  a  result  of  an  actually  existing  law-like 
connection  between  the  quantities  A  and  *y,  but  through  the  random 
spread  in  the  points  (Ay),  leading  to  special  configurations  having 
the  form  shown  in  Figs.  111a  and  111c.  In  order  to  study  this  possi¬ 
bility,  we  check  the  connection  between  A  and  y,  using  the  so-called 
X2  criterion  first  for  the  case  of  Fig.  111a. 


To  do  this,  we  calculate  the  coefficient  p  for  the  regression  of 
y  on  A,  using  well-known  rules  [170] 

=0’025- 


Here  J.  and  y  are  the  mean  values  of  A  and  y  ("S  -  6.29,  y  -  0.407). 
Summation  is  carried  out  over  all  of  the  measurements  for  A  available. 


and  the  corresponding  values  of  y. 

We  next  the  calculate  the  quantity 


XT  we  were  now  to  plot  a  curve  for  the  quantities  A  and  y,  rather  than 
A  and  yt  the  region  occupied  by  the  points  would  be  oriented  roughly 
vertically,  regardless  of  its  previous  orientation.  Instead  of  plotting 
a  special  curve  in  the  rectilinear  coordinates  k,y,  it  is  possible  to 
utilize  the  previous  graph  of  A,y  adding  to  it  the  oblique  coordinate 
system  Ay.  In  this  system,  the  values  of  y  will  be  constant  along  a 
line  drawn  to  the  A  axis  at  an  angle  a  =  arc  tan  p^A. 

Let  us  «assume  that  in  Fig.  111a,  the  region  of  variation  in  A  is 
divided  into  several,  let  us  say  five,  intervals  by  horizontal  strips, 
and  the  region  of  variation  in  y  into  the  same  number  of  oblique  strips 
with  slope  p^A  (the  values  of  y  for  which  the  division  is  made  may  be 
determined  on  the  horizontal  axis  A  =  0,  where  y  =  y).  Then  the  entire 
region  of  this  variation  in  A  and  y  turns  out  to  be  divided  Into  25 
quadrilaterals.  We  number  the  horizontal  and  oblique  strips  by  means 
of  a  procedure  that  associates  a  pair  of  numbers  i,J  with  each  quadri¬ 
lateral,  starting  from  the  origin.  Several  points  fall  within  each 
such  quadrilateral.  If  A  and  y  are  independent,  for  a  sufficiently 
large  number  of  points,  they  will  be  distributed  uniformly  over  the 
quadrilaterals.  An  observed  nonuniformity  may  either  be  attributed  to 
random  factors  or  to  the  existence  of  a  relationship  between  A  and  y. 

In  order  to  decide  whether  the  pattern  is  random,  we  calculate  the 

o 

quantity  x  from  the  formula 

(  Vi  y 

-/*  =  n  V  V  »  1  , 

“  Vj 

where  n  is  the  total  number  of  points  on  the  curve  (in  our  case  n  «  63), 
is  the  number  of  points  falling  within  the  quadrilateral  (1,J), 

Is  the  number  of  points  in  the  ith  horizontal  strip,  Vj  is  the  number 
of  points  in  the  Jth  oblique  strip. 

The  quantity  x2  characterizes  the  nonuniforalty  in  the  distrlbu- 


tlon  of  the  points  over  the  quadrilaterals.  Calculations  show  that 
X2  =  8.  Using  Pearson's  tab?e  [190],  we  find  that  where  A  and  y  are 

w  «  m 

Independent  the  observed  points  (A^),  (A2y2),  (\yn)  may  be  ar¬ 

ranged  in  this  fashion,  or  even  more  regularly,  with  a  probability  p  «■ 
=  90£.  Thus,  the  data  shown  on  Fig.  111a  does  not  indicate  the  exist¬ 
ence  of  a  definite  relationship  between  the  quantities  A  and  y. 

A  similar  calculation  was  also  carried  out  using  the  data  of 
Graph  111c.  Here  it  turned  out  that  the  probability  p  «*  95#.  Thus, 
these  data  also  do  not  indicate  the  actual  existence  of  a  relationship 
between  A  and  y . 

We  note  that  the  analysis  given  does  not  demonstrate  the  absence 
of  a  relationship  between  A  and  y*  It  only  leaves  the  question  of  the 
existence  of  such  a  relationship  open. 


tlon  in  seismic -regime  parameters  A, 
y,  and  R  with  Instants  of  ocourrenoe 
of  stronger  earthquakes  for  the 
Peter  Z  range  district. 

4.  Comparison  of  time  variation  in  parameters  for  seismic  regime 


with  strong  earthquakes.  Such  a  comparison  was  carried  out  for  the  ! 

| 

Peter  I  range  district.  The  results  are  shown  in  Fig.  112.  On  this  j 

graph,  the  curves  for  the  time  variation  in  the  parameters  y,  A,  and  R  I 
are  shown,  as  well  as  a  curve  for  the  product  n  =  A*<y*R  for  these  I 

parameters.  The  appearance  of  stronger  earthquakes  on  the  time  scale  I 
(class  12-13  with  respect  to  energy)  are  indicated  by  vertical  lines 
topped  by  circles. 

We  see  by  inspection  from  these  graphs  that  there  is  at  least  an 
apparent  connection  between  the  variation  in  the  curve  n  =  A-y.R, 
which  is  quite  similar  in  shape  to  the  curve  for  R,  and  the  instants 
of  appearance  of  stronger  earthquakes.  In  this  case,  the  strong  earth¬ 
quakes  most  frequently  (in  3  cases  out  of  4)  appeared  following  mini¬ 
mum  values  of  n  =  n(t)  on  ascending  portions  of  the  appropriate  curve. 

The  earthquake  of  22  November  1956  in  the  Peter  I  range  represents  an 

j 

exception;  it  appeared  at  the  end  of  a  descending  portion  of  the  n(t)  j 
curve.  The  available  data  is  insufficient  to  permit  us  to  judge  whether  j 

or  not  there  Is  a  well-defined  connection  between  the  times  of  appear-  I 

j 

. 

ance  of  relatively  strong  earthquakes  and  the  time  variation  in  the 
seismic -regime  parameters  A,  y,  R,  and  n.  This  still  does  not  eliminate 
completely  the  possibility  of  the  existence  of  a  weak  relationship. 

Far  more  abundant  observational  material  would  be  required  to  find 
such  a  relationship  and  to  establish  its  quantitative  features  should 
it  exist. 

$5*  SEISMIC  REGIME  OF  STALINABAD  DISTRICT 

A  study  of  the  seismic  regime  for  the  Stalinabad  district  was 
carried  out  by  the  same  methods,  and  took  the  same  general  directions, 
as  that  of  the  Germ  district,  e.g.  s  1)  a  study  of  the  earthquake- 
recurrence  characteristics,  and  2)  a  study  of  the  seismic -regime  time 
variation. 
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The  seismic-observation  period  used  in  the  analysis  of  the  Stalin¬ 
abad  district  differs  little  from  the  observation  period  for  the  Garm 
district,  and  amounted  to  20  months:  from  January  1955  to  August  1956, 
inclusive.  The  Stalinabad  district  is  far  less  active  seismically  than 
the  Garm  district,  however,  which  caused  difficulty  in  processing  the 
material  by  statistical  methods:  the  far  lower  number  of  recorded 
earthquakes  prevented  a  study  of  the  over-all  and  monthly  seismic - 
regime  regularities  with  the  desired  accuracy  and  detail.  Also,  in  the 
Stalinabad  district,  the  station  network  was  much  more  tenuous  and  the 
instrumental  sensitivity,  in  connection  with  various  interfering  fac¬ 
tors,  was  less  than  for  the  Garm  district.  All  of  these  drawbacks  were 
partially  canceled  by  the  experience  gained  in  studying  seismic -regime 
regularities  in  the  Garm  district.  In  many  cases,  it  would  have  been 
impossible  to  draw  definite  conclusions  about  the  Stalinabad  district 
without  a  comparison  with  the  Garm  results. 

The  Greater  Stalinabad  district  occupies  an  area  lying  between 
38°00 1 -39°00 1  north  latitude  and  68°00,-69°30'  east  longitude.  A 
schematic  map  of  the  Stalinabad  district  with  the  Lesser  Stalinabad 
district  outlined  on  it,  as  well  as  Individual  zones  for  which  'seismic - 
regime  processing  of  materials  was  carried  out  is  shown  in  Fig.  113* 

The  area  of  Greater  Stalinabad  is  14,300  km2,  of  Lesser  Stalinabad, 

4000  km2. 

Studying  Earthquake -Recurrence  Characteristics 

Table  21  shows  numerical  data  on  earthquake  recurrence  for  the 
Greater  Stalinabad  district  for  20  months  during  the  1955-1956  period. 
In  this  table,  the  K  are  the  earthquake-energy  classes;  N  is  the  total 
number  of  earthquakes  observed  in  a  given  class  over  20  months;  D  Is 
the  mean  monthly  number  of  earthquakes;  N*  is  the  normalized  earth¬ 
quake  recurrence  (per  year  per  100  km2  of  area  In  the  district);  Is 
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TABIZ  21 

Earthquake  Recurrence  In  the  Greater  Sta- 
linabad  District 
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the  relative  standard  error  In  the  number  N.  The  numbers  N*  for  K  =  6 
and  7  are  computed  for  an  area  S  =  8000  km  ,  rather  than  14,300  km  as 
In  the  case  of  all  the  remaining  calculations,  in  view  of  the  fact  that 
the  station  network  within  this  district  is  inadequate  to  cover  all 
earthquakes  of  these  classes. 


Fig.  113.  Schematic  map  of  Sta- 
llnabad  district.  The  dashed  line 
Indicates  the  Lesser  Stallnabad 
district. 

Figure  114  shows  earthquake -recurrence  curves  for  the  Greater  and 
Lesser  Stallnabad  districts.  On  these  graphs,  as  for  the  similar  graphs 
of  the  Oarm  district  (see  Fig.  103),  the  ellipses  indicate  the  magni¬ 
tudes  of  errors  in  determining  the  recurrence  N*.  Here  they  are  far 
greater  than  for  the  Gara  district.  The  errors  for  class  11  and  12 
earthquakes  are  especially  large.  This  is  quite  understandable  when  we 
consider  that  over  the  two-year  period  of  observations,  there  were  all- 
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in-all  two  class  11  and  12  earthquakes  here  (and  one  class  13  earth¬ 
quake).  The  determination  of  N*  for  classes  7-10,  for  which  the  rela¬ 
tive  errors  fluctuated  from  15  to  55#,  was  more  reliable. 

For  class  6,  however,  the  relative  errors  again  rise  in  comparison 
with  classes  7-9*  reaching  20-25#.  In  this  case,  the  systematic  errors 
associated  with  a  failure  to  determine  the  focal  coordinates  for  sev¬ 
eral  earthquakes  play  a  substantial  role  (without  the  focal  coordinates, 
tfce  earthquake  data  cannot  be  utilized  to  determine  the  recurrence). 

This  may  be  seen  from  the  fact  that  there  are  fewer  class  6  earthquakes 
than  class  7,  despite  the  fact  that  the  actual  numerical  relationship 
between  these  earthquake  classes  must  be  assumed  to  be  the  opposite. 

The  averaging  line  on  the  given  graph  was  drawn  for  points  of 
class  7-10  earthquakes,  as  being  the  most  reliable  data.  Wien  the 
slope  parameters  y  for  both  graphs  may  be  considered  to  be  identical 
in  first  approximation  and  equal  to  y  =  0.43,  as  for  the  entire  Oarm 
district,  while  for  the  seismic  activity  the  value  is:  for  the  Lesser 
Stalinabad  district,  A  =  0.9,  and  for  Greater  Stalinabad,  A  =  0.4.  The 
lower  activity  of  the  Greater  Stalinabad  district  is  associated  with 
the  existence  of  inactive  sections  in  the  southwest  and  northwest  por¬ 
tions,  regions  not  contained  in  Lesser  Stalinabad. 

For  practical  purposes,  it  is  especially  interesting  to  evaluate 
the  seismic  activity  of  the  central  portion  of  the  Qlssar  Valley.  The 
activity  (see  Fig.  139)  is  determined  by  the  presence  of  strongly  seis¬ 
mic  zones  along  the  southern  and  northern  edges  of  the  valley.  Wie  ex¬ 
istence  of  low-seismicity  zones  along  the  northern  and  southern  borders 
of  Greater  Stalinabad,  from  this  point  of  view,  is  unimportant  and, 
eonseqpently,  in  further  calculations  it  must  be  assumed  that  the  seis¬ 
micity  of  the  Qlssar  Valley  is  the  same  as  for  the  Lesser  Stalinabad 
district:  A  •  0.9. 


Fig.  114.  Earthquake -recurrence 
curves  for  the  Stallnabad  dis¬ 
trict.  a}  Greater  Stallnabad  dis¬ 
trict;  b)  Lesser  Stallnabad  dis¬ 
trict. 

In  view  of  the  relatively  high  activity  of  the  Northern  and  South¬ 
ern  eplcentral  zones,  the  recurrence  graphs  for  these  areas  were  plot¬ 
ted  separately  (Fig.  115).  They  include  only  the  most  representative 
observations  (for  class  7-10  earthquakes).  In  plotting  the  averaging 
lines  on  these  graphs,  they  were  given  a  slope  y  =  0.43,  obtained  from 
more  reliable  materials  for  the  district  as  a  whole.  Without  a  more 
careful  choice  of  data  from  among  class  6  earthquakes  and,  correspond¬ 
ingly,  without  increasing  the  observation  periods  for  stronger  shocks. 
It  is  difficult  to  see  how  closely  this  assumption  accords  with  the 
actual  facts.  If,  however,  the  values  of  y  for  the  various  zones  ac¬ 
cording  to  these  observations  remain  to  some  degree  problematical,  the 
value  of  the  seismic  activity  A  for  these  zones  Is  more  reliably  fixed. 
Thus,  In  1955*1956,  the  aotlvlty  of  the  Southern  eplcentral  zone,  A  - 
■  1.2,  was  greater  than  that  of  the  Northern  zone,  A  -  0.7.  A  more  ac¬ 
curate  determination  of  the  basic  parameters  A  and  y  of  the  seismic 
regime  for  these  zones  is  an  important  task  of  future  studies  on  the 
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seismicity  of  the  Stallnabad  district. 

An  examination  of  the  recurrence  graphs  for  the  Stallnabad  region 
and  its  sections  gives  an  idea  only  of  the  mean  seismic  activity  for 
relatively  large  areas  measuring  S  =  2000-4000  Ion  or  more.  Within 
these  areas,  smaller  sections  may  be  isolated,  differing  quite  sharply 
in  their  activity.  Thus,  for  example,  in  the  Southern  zone,  which,  on 
the  whole,  is  the  most  active  area  in  the  Greater  Stallnabad  district, 
it  is  possible  to  pick  out  a  section  having  small  activity,  such  as, 
for  example,  the  section  to  the  east  of  Gissar,  or  with  higher  activ¬ 
ity,  such  as  the  districts  surrounding  the  Karasu  station  (see  Pig. 
l4l). 
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Fig.  115.  Earthquake -recurrence 
curves,  a)  Northern  zone;  b)  South¬ 
ern  zone  of  Stallnabad  district. 

It  is  an  indicative  fact  that  the  regime  for  weak  shocks  (K  <  7), 
recorded  by  a  single  station,  will  normally  agree  with  the  activity 
estimate  for  stronger  shocks  (K  «  7#  8,  and  9),  reflected  on  the  seis¬ 
mic-activity  map.  Thus,  the  Karasu  station,  in  1955,  recorded  weak 
shocks  (K  <  7#  where  t§  -  tp  -  0. 5-2.0  sec),  roughly  20  times  more  of- 
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ten  than  the  Olssar  station:  67  for  Karasu,  and  3  for  Qissar.  In  the 
districts  surrounding  the  Northern  stations,  the  weak-shock  activity 
differed  less:  the  figures  were  21  for  Kon-Dora,  and  15  for  Khorongon. 
Roughly  the  same  relationships  also  obtained  for  seismic  activities 
determined  on  the  basis  of  stronger  shocks  and  shown  on  the  map  (Pig. 
l4l).  Thus,  no  contradiction  was  observed  between  relative  activity 
estimates  based  upon  shocks  of  differing  forces. 

Studying  the  Time  Variation  In  the.  Seismic  Regime 

For  the  Stallnabad  district,  for  the  Northern  and  Southern  zones 
separately,  space -time  seismic -regime  curves  and  Benioff  arbitrary- 
strain  accumulation  curves  were  plotted.  The  method  used  to  plot  these 
graphs  was  the  same  as  those  used  for  the  Garm  district. 

The  space-time  seismic -regime  curves  for  the  Stallnabad  district 
are  shown  In  Fig.  116a  for  the  Northern  zone  (strip  along  line  AB  on 
Pig.  113)  and  on  Pig.  Il6b  for  the  Southern  zone  (strip  along  line 
A'B*  on  Fig.  113 )•  These  curves  show  a  large  number  of  strong  shocks 
in  the  Southern  zone  (Pig.  Il6b);  the  absence  of  well-defined  fore¬ 
shocks  on  the  class  6  level  prior  to  quite  severe  earthquakes  (22  Nov¬ 
ember  1956,  the  magnitude  7-8  Nureksk  earthquake,  of  class  13  energy; 

18  April  1955,  class  12;  4  February  1956,  class  11)  may  also  be  seen 
from  Pig.  116b;  a  greater  uniformity  in  the  weak-shock  background  in 
the  Northern  zone  (Pig.  124a)  than  in  the  Southern  zone  (Pig.  116b)  is 
also  apparent. 

An  interesting  feature  of  the  Stallnabad-district  seismic  regime 
is  the  existence  of  double  shocks.  Double  shocks  for  K  *  12-11  and 
lower  earthquake-energy  classes  have  been  noted.  The  time  intervals  be¬ 
tween  the  double  shocks  range  from  one  minute  to  24  hours.  Their  fool 
are  generally  quite  close  together;  thus,  for  example,  the  earthquakes 
of  4  February  1956  at  17  hr  53  min  (K  -  11)  and  at  17  hr  59  min  (K  - 
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Fig.  116.  Space-time  seismic -regime  graphs, 
a)  Northern  zone;  b)  Southern  zone  of  Sta- 
linabad  district. 

-  11)  had  nearly  the  same  focus.  Sometimes,  however,  the  fool  of  double 
shocks  are  somewhat  separated;  thus,  for  example,  the  earthquakes  of 
18  April  1955  at  6  hr  5^  »in,  K  ■*  12,  and  at  16  hr  22  Bin,  K  —  12,  had 


foci  separated  by  28  ka. 

The  arbitrary  strain-accumulation  graphs  for  the  Northern  and 
Southern  zones  of  the  Stalinabad  district  are  shown  In  Fig.  117.  The 
general  nature  of  these  curves  for  the  given  district  differs  from 
that  of  the  Garm-dlstrict  curves  (Fig.  110)  In  that  there  is  less  uni¬ 
formity  in  the  variation,  there  are  large  steps  against  the  background 
of  a  weaker  general  ascent  of  the  curve,  associated  with  small  step- 
type  changes.  On  these  graphs,  the  greater  activity  of  the  Southern 
zone  In  comparison  to  that  of  the  Northern  zone,  mentioned  above,  is 
quite  apparent. 

A  study  was  not  made  of  more  detailed  questions  relating  to  the 
time  variation  of  the  seismic  regime,  associated  with  specific  values 
of  the  parameters  A  and  y  over  short  time  intervals  for  the  Stalinabad 
district.  This  could  not  be  done  owing  to  the  relatively  low  activity 
of  the  district,  the  sparseness  of  the  stations,  and  the  moderate  mag¬ 
nification  of  the  seismographs  ("V  =  12-15  thousand),  which  made  it  Im¬ 
possible  to  record  wea'k  earthquakes  in  sufficiently  large  numbers. 

On  the  Directions  for  Further  Research  Into  the  Seismic  Regime  of  the 
Stalinabad  Mstrlct 

Naturally,  it  is  first  of  all  desirable  to  Increase  the  reliabil¬ 
ity  of  the  determination  of  the  basic  parameters  for  the  mean  seismic 
regime  In  this  district,  A  and  7.  Using  the  method  discussed  previously, 
it  is  possible  to  determine  the  time  required  to  calculate  the  mean 
earthquake  recurrence  N  for  a  given  K  energy  class  to  within  6  «*  10 ft 
(relative  error).  The  results  of  calculations  for  the  Greater  (S  » 

*  14,300  km2;  A  »  0.4)  and  Lesser  (S  =  4000  km2;  A  »  0.9)  Stalinabad 
districts  have  been  given  in  Fig.  100b. 

On  the  basis  of  these  calculations,  let  us  estimate  the  time  tg 
re quire d  for  a  sufficiently  reliable  determination  of  the  slope  param- 


eter  y  of  the  earthquake -recurrence  graph.  We  may  assume  that  to  do 
this  it  is  necessary  to  have  on  the  recurrence  curve  a  minimum  of  three 
sufficiently  reliable  points  that  will  correspond  to  some  three  con¬ 
secutive  energy  classes  Kp  K 2,  and  K^.  We  assume  that  the  error  In 
the  determination  of  the  least  accurate  of  these  data,  corresponding 
to  the  largest  class  K^,  does  not  exceed  6N  =  10$S.  The  error  in  the 
determination  of  the  remaining  points,  corresponding  to  still  larger 
values  of  K,  will  be  less,  and  we  need  not  evaluate  their  role  in  the 
determination  of  7.  Then,  for  the  conditions  of  the  Lesser  Stallnabad 
district,  for  various  values  of  K^,  we  determine  the  following  time 
values:  where  =  10,  t^  =  60  years;  where  =  9,  t^  =  20  years; 


Pig.  117*  Arbitrary  strain- 
accumulation  graphs  for  the 
Stallnabad  district.  Dashed 
line  —  Northern  zone;  solid 
line  -  Southern  zone. 

For  practical  reasons,  we  use  tR  *  8  years  as  the  required  obser¬ 
vation  period.  It  is  thus  assumed  that  over  this  period  of  time,  suf¬ 
ficiently  complete  observations  of  energy  class  6,  7,  and  8  earthquakes 
should  be  carried  out  in  the  Greater  Stallnabad  district. 
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This  can  actually  be  accomplished  with  the  aid  of  modern  observa¬ 
tion  methods,  and  with  some  concentration  of  the  network. 

The  further  decrease  in  observation  periods  that  may  be  achieved 
by  adding  class  5  earthquakes,  would  require  a  substantial  Increase  in 
the  effective  sensitivity  of  the  seismic  apparatus.  In  the  Stalinabad 
district,  where  there  is  a  high  level  of  Industrial  and  other  back¬ 
ground,  the  effective  sensitivity  may  be  increased  by  means  of  obser¬ 
vations  in  wells  about  300  meters  deep.  There  is  no  difficulty  in  prin¬ 
ciple  in  carrying  out  such  observations  and,  In  view  of  the  great  im¬ 
portance  of  a  detailed  study  of  the  seismic  regime  of  the  Stalinabad 
district.  It  is  quite  reasonable  to  organize  such  observations. 

In  addition  to  a  reliable  determination  of  the  mean  values  for 
the  basic  seismic -regime  parameters  A  and  y  for  the  Stalinabad  dis¬ 
trict,  it  is  necessary  to  study  the  degree  of  stability  for  the  seis¬ 
mic  regime  in  this  district,  and  to  attempt  to  find  possible  regime 
variations  prior  to  severe  earthquakes. 

This  problem  may  be  solved,  basically,  by  observing  the  regime 
for  still  weaker  shocks.  Observations  for  class  8  or  more  intense 
earthquakes  are  of  hardly  any  help  In  this  respect.  Actually,  a  multi¬ 
year  period  of  observing  class  8  earthquakes  will  permit  establishment 
of  the  long-term  mean-monthly  recurrence  value  Tig  with  considerable 

accuracy,  but  each  monthly  value  of  Ng  will,  as  before,  be  found  only 
roughly.  This  also  follows  from  the  law  of  earth  quake  -recurrence  scat¬ 
ter  R  -  6n</nT 

For  the  Stalinabad  district,  as  has  been  shown  by  calculations 
for  observation  data  in  this  district,  the  quantity  R  is  close  to 
unity,  l.e.,  is  practically  the  same  as  for  the  Qerm  district.  Allow¬ 
ing  for  the  fact  that  in  Lesser  Stalinabad,  the  mean-monthly  earth¬ 
quake  recurrence  for  class  8  equals  Tig  «  1.15,  we  find  from  the  formula 
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for  R  or  for  the  nomogram  of  Pig.  101  that  the  error  In  the  determine* 
tlon  of  Tig  by  observations  over  a  single  month  alone  should  be  close 

to  6M  =  1.0,  l.e.,  close  to  100£.  This  agrees  quite  well  with  direct 

8 

calculations  from  which  values  of  6„  =  O.76  are  obtained.  Naturally, 

”8 

this  error  is  far  too  large  to  permit  reliable  conclusions  to  be  drawn. 

Thus,  in  the  Stallnabad  district,  class  8  earthquakes  cannot  be 
used  with  success  to  trace  the  time  variation  In  the  seismic  regime  by 
means  of  monthly  recurrence  values  of  TTg ;  here  it  is  necessary  to 
turn  to  earthquakes  of  roughly  the  sixth  and  lower  classes.  This  can 
be  done  at  least  for  sections  directly  adjacent  to  stations  provided 
with  high-sensitivity  apparatus.  In  Individual  points  of  the  district, 
observations  of  this  type  may  be  carried  out  with  the  aid  of  temporary 
mobile  stations. 

As  a  result  of  the  detailed  investigations  described  In  this  chap¬ 
ter  into  the  seismic  regimes  of  the  Garm  and  Stallnabad  districts.  It 
was  possible  to  establish  that  the  seismic  regimes  display  certain  gen¬ 
eral  statistical  regularities  both  in  larger  regions  and  in  relatively 
small  sections.  It  is  very  noteworthy  that  the  parameter  y,  represent¬ 
ing  the  drop-off  In  earthquake  recurrence  with  increasing  energy,  re¬ 
mains  approximately  constant  over  a  wide  range  of  variation  in  the 
seismic  energy  of  the  foci. 

In  addition  to  establishing  the  approximate  constancy  of  the  quan¬ 
tity  y  over  local  regions  and  within  a  wide  range  of  energy  variation, 
the  expedition  succeeded,  as  a  result  of  analysis  of  the  observational 
data.  In  finding  one  more  approximately  constant  quantity  -  the  meas¬ 
ure  R  for  the  dispersion  of  the  earthquake  recurrence  for  a  "normal" 
seismic  regime  whose  parameters  coincide  with  the  long-term  mean  values. 

In  isolated  oases  -  In  certain  districts  and  In  certain  time  In¬ 
tervals  -  quantitative  deviations  from  the  mean  values  and  general 
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laws  were  noted.  Such  deviations  deserve  special  study.  Since  they  are 
United  In  extent,  these  deviations  clearly  represent  no  obstacle  to 
the  utilization,  primarily,  of  mean  parameters  and  average  laws  which 
are  larger-scale  in  nature,  and  thus  hold  for  the  majority  of  cases. 
This  similarity  in  the  average  statistical  laws,  maintained  over  very 
different  energy  ranges  for  both  weak  and  quite  strong  earthquakes 
clearly  reflects  some  general  property  of  the  process  that  gives  rise 
to  the  group  of  earthquakes. 

The  presence  of  a  law-like  connection  of  statistical  nature  be¬ 
tween  the  earthquake  recurrences  for  various  intensities,  as  well  as 
the  unity  of  the  recurrence-scatter  laws  over  a  wide  range  of  energy 
variation  creates  fundamental  possibilities  for  the  concrete  realiza¬ 
tion  and  utilization  of  the  long-standing  dreams  of  seismologists, 
finding  clear  expression  in  the  works  and  activities  of  G.A.  Gamburtsev 
[9] J  on  the  basis  of  a  relatively  brief  study  of  the  seismic  regime 
for  some  given  district,  chiefly  in  the  weak-earthquake  regions,  which 
are  frequently  encountered,  to  be  able  to  obtain  data  permitting  Judg¬ 
ments  of  the  possible  seismicity  of  this  district,  and  Judgments  as  to 
rarely  occurring  strong  earthquakes.  Together  with  longer -duration, 
less-detailed  information  on  the  seismicity  of  a  district,  obtained  by 
instrumental  observations  of  the  regional  and  telemetering  seismic  sta¬ 
tions  as  well  as  from  noninstrumental  descriptive  data,  this  informa¬ 
tion  may  be  used  to  obtain  more  accurate  and  detailed  seismic  maps, 
and  to  predict  the  mean  recurrence  of  strong  earthquakes. 

As  far  as  the  prediction  of  individual  severe  earthquakes,  with 
respect  to  their  location,  energy,  and  time  of  occurrence,  the  observa¬ 
tions  of  the  expedition  still  provide  no  basis  for  solving  this  prob¬ 
lem.  Bare,  the  further  accumulation  of  factual  data  is  necessary. 
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(Footnote:  ] 

Another  term  for  this  concept  i3  "frequency"  (G.A.  Oaiuinir 
taev  [9])-  Tills  term  la  inconvenient  to  use  bore,  since  .i 
is  used  In  a  different,  special  sense  In  mathematical  eta 
tlstica. 

[List  of  Transliterated  dyi;;Do.ls  ] 

TKCE  =  TKSE  --  Tadshik  Integrated  Scismological  Expedition 

jieT  =  let  =  leto  =  year 

roit  =  god  =  year 

Mec  =  mes  =  mesyats  —  month 

ah  =  dn  -  den1  =  day 

cyT  =  sut  =  sutkl  =  day 

»4  =  ch  =  chas  —  hour 

lg  =  log 

06r  =  Obg  -  Obl-Garm 
T-fl  =  T-D  -  Tovll'-Dora 
rPM  =  Qrm  =  Qarm 
fljia  =  Yald  =  Yaldymych 
=  Df  =  not  identified 
Me  =  Chs  =  Chusal 
Muit  =  Isht  =  Ishtion 
tor  =  Dzhg  -=  Dzhirgatal' 
cp  =  sr  ==  srednyy  =  mean 
Mnc  =  MPS  -  not  identified 
.new  =  dek  -  dekada  =  ten-day  period 
Ku  =  Kh  =  not  identified 
XPh  =  Khrn  =  Khorongon 
Mhtp  *  ChnOr  = 
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353  Ct  =  St  =  Stalinabad 
358  Hie  =  Ois  =  Olssar 

358  Kpc  -  K*s  -  not  identified 

356  Hpn  =  Nrk  =  Nurek 

358  06r  =  Obg  =  Obi-Qarm 

365  epr  =  erg 
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Chapter  8 

GEOLOGIC  HISTORY  AND  PRESENT  STRUCTURE  OF  GARM  DISTRICT 

The  Garm  district  Is  of  Interest  not  only  from  the  seismic  but 
also  from  the  geotectonlc  viewpoint,  since  the  zone  of  contact  of  the 
Pamir  and  Western  Tlen-Shan  occurs  within  Its  borders;  to  this  day, 
the  question  of  the  nature  of  the  contact  zone  of  the  Pamir  and 
Tlen-Shan  appears  to  be  one  of  the  basic  questions  In  the  tectonics 
of  Asia.  As  a  result  of  our  investigations,  a  new  structural  diagram 
of  this  territory  was  drawn  up;  it  Is  indispensable  for  purposes  of 
comparison  with  seismic  data  In  order  to  find  the  factors  responsible 
for  the  high  degree  of  seismic  activity  of  the  Garm  district.  An 
annotated  geological  map  Is  shown  In  Fig.  Il8. 

According  to  V.I.  Popov,  V.N.  Krestnikov,  D.P.  Rezvcy,  and  many 
others  [228-231],  who  have  studied  Central  Asia,  geosyncllnal  tectonic 
movements  occurred  during  the  Paleozoic  in  the  southern  portion  of 
Central  Asia;  they  were  completed  at  the  end  of  the  early  Permian,  in 
the  Southwestern  Tlen-Shan  territories,  including  the  Gissar,  Zerav- 
shan,  Turkestan,  and  Alay  mountain  ranges.  The  uplift  .at  the  end  of 
the  Hercynian  orogenesis  was  not  Intense,  and  resulted  in  a  gently 
sloping  plane  rather  than  large-scale  mountain  building.  To  the  south 
of  this  territory,  at  the  southern  slopes  of  the  western  portion  of 
the  Peter  I  range,  and  the  basin  corresponding  to  the  center  reaches 
of  the  Obikhlngou  River  and  the  Northern  Pamir  Range,  there  was  a 
large  depression,  occupied  by  an  arm  of  the  sea.  It  was  only  at  the 
very  end  of  the  Permian  that  the  uplift  of  the  central  portion  of  the 


Pamir  expanded  greatly  to  the  north,  and  spread  to  the  adjacent 
southern  portion  of  the  depression.  The  remaining  portion  of  the  de¬ 
pression  continued  to  exi3t  up  to  the  beginning  of  the  Mesozoic  as  a 
slender  strip,  narrowing  out  from  West  to  East,  and  pinching  out  com¬ 
pletely  somewhat  to  the  East  of  the  74th  meridian.  In  the  most  easterly 
section,  the  depression  lay  where  the  crest  of  the  present-day  Zaalay 
Range  is  located.  As  it  widened  to  the  west,  the  depression  covered 
the  lower  reaches  of  the  Muksu  River,  all  of  the  southern  slope  of  the 
western  portion  of  the  present-day  Peter  I  range,  the  middle  and,  to 
some  extent,  the  lower  reaches  of  the  Obikhingou  River  and,  still 
further  to  the  West,  the  depression  widened  somjewhat  and  turned 
abruptly  to  .the  South. 

§1.  HISTORY  OF  THE  ALPINE  TECTONIC  MOVEMENTS  AND  THE  FORMATION  OF 
GEOLOGIC  STRUCTURES  IN  THE  GARM  DISTRICT 

The  history  of  tectonic  movements  in  the  Garm  district  during 
the  Mesozoic  and  Cenozoic  Eras  is  reflected  in  a  series  of  structural- 
stratigraphic  and  structural  profiles  constructed  for  the  various 
periods  and  epochs  in  two  structural  sections.  The  first  of  these  (Fig. 
119)  is  located  in  the  eastern  portion  of  the  Garm  district,  and 
crosses  it  from  the  Northwest  to  the  Southeast,  somewhat  to  the  south 
of  the  Muksu  River  valley.  The  second  (Fig.  120)  is  located  in  the 
Western  portion  of  the  Garm  district,  and  crosses  it  in  the  same 
direction,  passing  through  the  city  of  Garm.  Materials  from  [216,  228, 
233-241]  were  used  in  reconstructing  the  history  of  the  tectonic 
movements . 

Trlasslc  and  Jurassic 

During  the  Triassic  and  Jurassic,  an  Eplhercynlan  platform,  repre¬ 
senting  a  flat  land  mass,  existed  in  the  northern  Garm  district,  in 
the  Western  Tien-Shan  region.  In  the  Triassic,  its  southern  boundary 
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Fig.  118.  Schematic  geological  map.  1)  Quaternary  deposits;  2)  Upper 
Neogene;  3)  Upper  Paleogene  and  Lower  Neogene;  4)  Lower  and  Middle 
Paleogene;  5)  Upper  Cretaceous;  6)  Lower  Cretaceous;  7)  Upper  Jurassic; 
8)  Middle  and  Upper  Jurassic;  9)  Lower  Jurassic;  10)  Middle  and  Upper 
Paleozoic;  11)  Lower  and  Middle  Paleozoic;  12)  Paleozoic  granitoids; 

13)  faults;  14)  supposed  faults;  15)  lines  of  geological  profiles. 

A)  Peter  I  range;  B)  Tovil'-Dora:  C)  Obikhlngou;  D)  Surkhob;  E)  Novabad; 
F)  Garm;  G)  Sorbog;  H)  Yasman;  i)  Yarkhich:  J)  Tadzhikabad;  K)  Itehir- 
gatal ' ;  L)  Koksu;  M)  Kyzylsu;  N)  Muksu;  G)  Shakllsu;  P)  Sangvor. 

ran  roughly  along  the  crest  of  the  Peter  I  range,  and  was  most  likely 
associated  with  a  fault  zone  separating  it  from  the  deep  and  narrow 
Pamir  foothills  trough  located  further  to  the  South;  the  trough  Itself 
was  the  margin  of  the  Alpine  intrageosyncline  emerging  to  the  East. 

On  the  South,  the  intrageosyncline  was  bounded  by  a  deep  zone  of 
Paleozoic  faults.  In  the  Darvaz  range,  deposition  had  occurred  by  the 
Paleozoic;  further  to  the  East,  it  is  possible  to  speak  of  its  exis¬ 
tence  only  from  the  very  end  of  the  Paleozoic,  or  from  the  beginning 
of  the  Mesozoie. 

To  the  South  of  the  intrageosyncllne,  there  was  the  intensely 
eroded  uplift  of  the  Darvaz  and  Northern  Pamir  ranges,  which  was  an 


alpine  intrageanticllne,  inherited  from  the  Paleozoic. 

In  the  Pamir  foothills  .trough,  the  uninterrupted  Paleozoic  sedi¬ 
mentation  continued  Into  the  Mesozoic.  Here,  mainly  terrigenous  matter 
was  deposited;  Its  uniformity  Is  broken  In  the  lower  Jurassic  series 
by  extrusive  formations.  Inasmuch  a3  the  Trlasslc  sediments  are  no¬ 
where  exposed  within  the  Garm  district,  we  can  get  some  Idea  of  their 
composition  and  extent  at  this  place  on  the  basis  of  formations  of  the 
same  age  to  the  East  and  West  of  the  territory  under  consideration. 

• 

Trlasslc  formations  are  conditionally  assumed  to  exist  to  the  Ea3t,  in 
the  Zaalay  range,  In  the  lower  portion  of  the  Mlnteklnsklan  suite, 
which  is  entirely  Trlasslc  and  Early  Jurassic  in  age  [24l].  This  suite 
is  1700  m  thick.  It  consists  of  continental,  marine,  and  terrigenous 
extrusives,  and  Is  conformable  with  the  eroded  surface  of  the  Lower 
Permian  deposits.  To  the  Southwest  of  the  Garm  district.  In  the  Darvaz 
range,  it  can  be  seen  that  the  Trlasslc  Is  flat  against  the  Permian. 
There  Is  a  150-meter  limestone  block  in  Its  lower  portion,  containing 
guide  fossils.  Higher  up,  there  are  terrigenous  exposures  that  also 
belong  to  the  Lower  Trlasslc;  these  exposures  are  1100  m  thick,  and 
are  in  turn  covered  by  the  Lower  Jurassic  terrigenous  deposits  that 
are  750  m  thick. 

In  the  3ame  way,  there  are  no  outcrops  from  the  Lower  Jurassic 
within  the  Garm  district,  if  we  do  not  consider  the  tufaclous  rocks 
and  quartz  porphyries  of  the  Mlnteklnsklan  suite  that  crop  out  along 
the  meridional  reach  of  the  Obikhlngou  River.  The  fact  that  It  Is 
necessary  to  project  the  Trlasslc  and  Lower  Jurassic  over  a  great 
distance  (see  Fig.  121),  to  a  considerable  degree  makes  tentative  the 
lower  portion  of  our  structural-stratigraphic  profiles  for  the 
Trlasslc  and  Jurassic  periods. 

During  the  Early  Jurassic,  coal-bearing  deposits  accumulated 


within  the  platform  region.  Just  in  individual  depressions,  under  the 
swamp-like  conditions  that  prevailed.  In  the  Turkestan,  Zeravshan, 
and  Qissar  Ranges,  the  deposits  are  no  more  than  700  m  thick. 

The  Sorbulak  suite,  which  is  divided  into  two  sections,  was  formed 
in  the  Pamir  foothills  trough  in  the  Middle  and  Late  Jurassic.  The 
lower  portion,  whose  lower  boundary  is  not  known,  consists  of  thick 
quartz  gravel,  conglomerate,  and  sandstone,  lnterbedded  with  small 
amounts  of  clay  shales.  Its  apparent  thickness  is  1800  m.  The  top  is 
conformable  with  the  lower  portion,  and  consists  of  alternating  gray 
clay  shales,  coarse  gray  sandstones,  and  conglomerates  with  multi¬ 
colored  clay  shales,  argillites,  and  siltstones.  In  the  northern  sec¬ 
tions,  lenses  of  gypsum  are  found  in  the  upper  portion.  Through  the 
South,  gypsum  drops  out  of  the  section,  and  sandstone  Is  more  abun¬ 
dant  than  shale.  The  apparent  thickness  of  this  part  of  the  suite 
ranges  up  to  2000  m.  Jurassic  lagoonal  deposits  occur  in  the  outer  plat¬ 
form  zone.  Their  thickness  is  not  accurately  determined,  but  in  any 
case  is  small,  of  the  order  of  150-200  m. 

Thus,  we  may  assume  that  during  the  Triassic  and  Jurassic,  forma¬ 
tions  about  5500  m  thick  were  deposited  to  the  East  in  the  Pamir 
foothills  trough,  and  up  to  6500  m  thick  to  the  West.  This  thickness 
gives.  In  first  approximation,  the  subsidance  of  the  earth's  crust. 
Since  the  clastic  material  during  the  time  under  consideration  arrived 
almost  exclusively  from  the  South,  it  is  established  that  the  Darvaz 
and  Northern  Pamir  uplift  grew  uninterruptedly.  In  the  Late  Jurassic, 
this  uplift  became  slower,  as  Indicated  by  the  transportation  of  finer 
materials,  forming  sandstones,  clay  shales,  siltstones,  and  argillites. 

The  widening  of  the  region  of  sedimentation  to  the  North  all  the 
way  to  the  present-day  Surkhob  River  indicates  that  a  narrow  marginal 
zone  of  the  Tlen-Shan  platform  region  was  also  Involved  in  the  folding. 
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Fig.  119  caption  (continued); 

renewed  periodically  during  the  Mesozoic  and  Tertiary;  20)  deep 
Paleozoic  fault  zone,  renewed  in  the  Neogene;  B)  faults  associated 
with  separate  movements  of  zones  and  subzones  shown  on  the  tectonic 
diagram  of  the  Qarm  district  (Fig.  Iz8):  21)  zones  A- I  relative  to 
zone  A-ii;  22)  zones  A'-il  relative  to  zone  A-I  and  region  B;  23) 
subzones  B-I-a  relative  to  subzone  B-l-b;  24)  subzones  B-l-b,  rela¬ 
tive  to  subzones  B-I-a  and  B-I-c;  23)  subzones  B-I-c,  relative  to 
B-I-b  and  zone  A-II;  26)  faults  along  which  the  direction  of  limb 
displacement  changed;  27)  supposed  deep  faults;  C)  secondary  faults: 
28)  with  apparent  direction  of  limb  displacement;  29)  direction  of 
limb  displacement  not  known;  30)  sea  level.  For  all  faults,  the 
heavy  line  is  drawn  from  the  side  of  the  uplifted  limb. 


The  Cretaceous 

Lagoonal  conditions  in  the  formation  of  gypsum  continued  in  the 
platform  region  of  the  northern  district  at  the  very  beginning  of  the 
Early  Cretaceous.  Later,  while  there  was  a  considerable  expansion  of 
the  sedimentation  region  to  the  North,  deposition  of  multicolored 
terrigenous  rocks  began.  Just  at  the  very  end  of  the  Early  Cretaceous, 
in  the  Alblan  age,  to  the  West  of  Oarm,  in  the  klshlak  of  Shul',  very 
brief  deposition  of  limestones  occurred  so  as  to  form  a  10-meter  thick 
layer  among  the  redbeds.  During  the  Early  Cretaceous,  uplifts  developed 
in  the  most  northerly  sections  of  the  district,  on  the  platform; 
their  destruction  is  explained  by  the  transport  of  coarse  clastic 
material  in  a  southerly  direction.  Within  the  platform  boundaries, 
the  Lower  Cretaceous  is  no  more  than  500  m  thick.  In  the  Pamir  foot¬ 
hills  trough,  during  the  entire  Early  Cretaceous  terrigenous  rocks 
were  deposited:  conglomerates,  sandstones,  clays,  slltstones,  and 
argillites  colored  various  shades  of  red.  The  boundary  between  sedi¬ 
ments  of  the  Late  Jurassic  and  Early  Cretaceous  is  quite  arbitrary. 

N.N.  Leonov  believes  that  the  upper  strata  of  the  Sorjtulak  suite  must 
belong  not  the  the  Upper  Jurassic,  but  to  the  Lower  Cretaceous.  Judg- 
lng  from  the  maximum  thickness  (1800  j)  of  the  Lower  Cretaceous,  the 
downward  movements  in  the  trough  occurred  at  a  considerably  higher 


rate  than  similar  movements  at  the  edge  of  the  platform.  Finally,  to 
the  South,  during  the  same  period  of  time,  there  was  a  continued  uplift 
and  erosion  of  the  Northern  Pamir  and  Darvaz. 

The  sections  in  Figs.  119  and  120  show  clearly  the  difference  be¬ 
tween  the  platform  region,  which  drew  in  as  it  folded,  but  subsided 
little,  and  the  Pamir  foothills  geosynclinal  trough.  The  northern 
boundary  of  the  trough  is  quite  accurately  marked  by  a  sharp  rise  in 
the  thickness  of  the  Lower  Cretaceous  in  the  interfluve  area  in  the 
western  half  of  the  Peter  I  range. 

At  the  very  beginning  of  the  Late  Cretaceous,  in  connection  with 
the  general  descending  movements  that  covered  a  considerable  territory 
in  South  A3ia,  there  began  a  vast  transgression  of  the  sea,  and  there 
was  a  considerable  decrease  in  erosion  area.  Thus,  in  the  Garm  dis¬ 
trict,  as  in  the  greater  part  of  Central  Asia,  carbonate  deposits  began 
to  form.  The  source  areas  to  the  South  and  North  were  considerably  de¬ 
pleted  at  this  time,  and  yielded  almost  no  clastic  material.  Only  in 
the  Turonian  age,  in  the  North,  were  there  slight  uplifts,  producing 
argillaceous  material  that  accumulated  in  the  trough.  The  acceleration 
of  the  descending  movements,  commencing  in  the  Jurassic,  ceased 
following  the  Senonian  age.  In  the  Danian  age,  the  sea  regressed,  and 
lagoonal  conditions  appeared  over  a  considerable  area.  Throughout  the 
entire  Late  Cretaceous,  the  Pamir  foothills  trough,  in  which  the  de¬ 
posits  are  no  less  than  1500  m  thick,  continued  to  be  the  area  of 
greatest  subsidance,  which  was  evidently  particularly  intensive  In 
the  Southeastern  part. 

Paleocene  and  Eocene 

At  the  beginning  of  the  Paleogene,  a  renewal  of  the  downward 
movements  caused  a  new  transgression  of  the  sea.  Carbonate  deposits 
were  formed  basically  from  the  beginning  of  the  Paleogene  to  the 


Fig.  121.  Diagram  showing  arrangement  of 
stratigraphic  sections  used  in  compiling 
structural-phase  profiles  along  lines  I-I 
and  II-II  (Figs.  119  and  120).  l)  Borders 
of  basic  tectonic  zones  shown  in  Fig.  128; 

2)  lines  of  structural- phase  profiles; 

3)  basic  stratigraphic  sections.  A)  Glssar 
range;  B)  Novabad;  C)  Garm:  D)  Peter  I 
range;  E;  Surkhob  River;  F)  Dzhirgatal'; 

G)  Obikhingou;  H)  Tovil'-Dora;  I)  Darvaz 
range;  J)  Muksu  River. 


Alaysklan  age;  starting  with  the  Turkestanian  age,  red  marine  and 
lagoonal  sand  and  clay  were  deposited.  The  latter  form  evidence  for 
the  low  rate  of  uplift  in  both  the  North  and  South  of  the  Garm  dis¬ 
trict.  The  greatest  thickness  of  Paleogene  marine  deposits  in  the 
trough  is  800  m.  On  the  interior  side,  on  the  platform,  the  Paleogene 
marine  sediments  reach  330  m  in  thickness. 

Qllgocene  and  Neogene 

In  the  history  of  tectonic  movements  over  all  of  South  Central 
Asia  and,  in  particular,  in  the  Garm  district,  the  second  half  of  the 
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Paleogene  is  noted  for  the  commencement  of  a  new  trend  in  movements 
of  the  earth's  crust..  While  during  the  Triassic,  Jurassic,  Cretaceous, 
and  the  first  half  of  the  Paleogene,  general  downward  movements,  al¬ 
though  sporadic,  were  predominant;  during  the  second  half  of  the  Paleo¬ 
gene,  however,  there  was  an  over-all  sharp  intensification  of  the 
role  of  uplifts. 

Starting  with  the  Oligocene,  to  the  North  and  South  of  the  Garin 
district,  in  the  regions  of  the  Glssar  and  Darvaz  ranges,  an  Intensive 
increase  in  uplifts  commenced. 

A  great  deal  of  coarse  clastic  material,  conglomerates,  and  to 
a  lesser  degree,  sand  and  clay  deposits  were  brought  down  from  the 
North  and  South  into  the  Pamir  foothills  trough.  The  direction  of 
transport  is  recorded  by  the  occurrence  of  pebbles  in  the  conglomerates 
of  Paleozoic  rocks  in  the  Pamir  and  Darvaz.  These  deposits  from  the 
Late  Paleogene  and  Neogene  have  a  wide  distribution  in  the  Western 
and  Central  portions  of  the  Garm  district. 

In  particular  individual  areas,  it  has  been  established  that 
during  the  Neogene,  within  the  zone  of  uplift,  displacements  occurred 
along  the  major  tectonic  faults  that  form  the  boundaries  of  the  blocks 
of  Paleozoic  rock;  these  displacements  are  reflected  in  the  present 
structure.  In  this  respect,  the  area  north  of  the  Obikhlngou  River 
mouth  is  very  characteristic;  here,  the  Upper  Neogene  conglomerates 

lie  directly  on  the  Paleozoic.  North  of  this  area,  which  is 
bordered  on  the  North  by  a  fault,  these  same  conglomerates  cover  the 
entire  section  of  the  Tertiary  and  Cretaceous  formations  (Pig.  122, 

V-V) .  The  great  difference  in  the  completeness  of  the  stratigraphic 
columns  between  these  two  neighboring  areas  is  due  to  the  uplift  and 
erosion  of  the  Southern  fault  block  during  the  Neogene.  In  the  western 
part  of  the  Oarm  district,  within  the  marginal  basin  of  the  Pamir 


foothills  zone,  the  same  distribution  of  thicknesses  of  sediment,  in¬ 
dicating  movements  of  the  same  nature,  is  seen  in  the  Neogene  as  was 
evidenced  in  earlier  periods.  The  southern  part  of  the  trough,  the 
intrageosyncllne  inherited  from  the  Paleozoic,  underwent  greater  sub¬ 
sidence  than  the  northern  section,  which  was  the  margin  of  the  Epl- 
hercynian  platforml  The  general  subsidance  of  the  basin  continued  to 
the  end  of  the  Neogene.  It  has  not  been  possible  to  establish  the 
presence  of  the  uplifts  within  the  basin,  despite  special  searches 
for  indications  of  it.  Different  structural  relationships  occur  in  the 
Zaalay  range  and  the  Alay  valley,  located  directly  to  the  East  ol‘  the 
Garm  district.  Here  it  is  quite  reliably  established  that  in  the 
Neogene,  there  were  major  uplifts  in  the  center  of  the  Pamir  foothills 
basin,  on  the  site  of  the  present  Zaalay  range,  since  fragments  of 
Early  Cretaceous  red  rocks  were  transported  from  South  to  North,  into 
the  area  of  the  former  platform.  Since  at  the  present  time,  the  Western 
pericllnal  end  of  one  such  uplift  of  the  Zaalay  range,  the  Sorbulak, 
is  located  in  the  Eastern  portion  of  the  Garm  district,  it  must  be 
assumed  that  on  the  site  of  the  Pamir  foothills  trough,  a  slight  uplift 
was  occurring  in  the  Eastern  portion  of  the  Garm  district  toward  the 
end  of  the  Neogene.  The  growth  of  this  uplift  is  marked  by  the  Neogene 
conglomerates  near  the  mouth  of  the  Guloma  River.  These  differences 
in  the  history  of  movements  in  the  western  and  eastern  portions  of 
the  Garm  district  are  shown  in  Pigs.  119  and  120. 

The  most  Important  feature  of  the  movements  at  the  end  of  the 
Neogene  was  the  slight  subsidance  of  several  parts  of  the  Northern 
Pamir  and  the  Darvaz  immediately  adjacent  to  the  Pamir  foothills 
trough.  In  such  places.  Upper  Neogene  gravels  lie  directly  on  the 
Paleozoic .  it  is  possible  that  similar  movements  also  took  place  to 
the  North  of  the  Pamir  foothills  trough  some. 


To  understand  a  number  of  the  conclusions  that  will  follow  as  to 
the  tectonic  movements,  It  Is  very  Important  to  have  a  clear  picture 
of  the  nature  of  the  relief  In  the  Garm  district  at  the  end  of  the 
Neogene  and  the  beginning  of  the  Quaternary.  The  history  of  this  re¬ 
lief  begins  with  the  deposition  of  marine  sediments  during  the  Paleo¬ 
gene.  During  this  time,  a  shallow,  highly  saline  sea  occupied  the 
Pamir  foothills  basin.  To  the  North  and  South,  in  the  erosion  areas 
in  adjacent  parts  of  the  Tien-Shan  and  the  Pamir,  there  was  low  flat 
dry  land  from  which  practically  no  clastic  material  was  transported. 
During  the  uplift  of  the  erosion  area  in  the  Late  Paleogene  and  Neogene 
this  flat  relief  was  disected  by  valleys  and  changed  gradually  into  a 
system  of  tablelands  similar  to  the  mountains  now  existing  in  the 
Northern  Tien-Shan.  Since  the  remnants  of  the  ancient,  slightly  eroded 
flat  relief  are  still  preserved  in  many  parts  of  the  Tien-Shan  ad¬ 
jacent  to  the  Garm  district,  often  with  a  mantle  of  Cretaceous  deposits 
we  may  assume  that  at  the  end  of  the  Neogene,  before  the  Quaternary 
uplift  of  the  region,  such  remnants  were  considerably  larger,  and  the 
relief  of  the  erosion  areas  amounted  to  a  system  of  disected  plateaux. 
The  elevation  of  the  plateaux  surface  near  the  borders  of  the  Garm 
district  was  apparently  no  more  than  1000m,  while  the  top  of  the 
alluvial  valley  formed  at  the  end  of  the  Neogene  in  the  Western  portion 
of  the  Garm  district,  within  the  Pamir  foothills  basin,  was  probably 
500  m  high.  These  two  figures,  1000  and  500  m,  satisfy  three  basic 
conditions:  1)  the  elevation  of  the  interstream  areas  at  the  end  of 
the  Neogene  must  have  been  considerably  less  than  that  of  the  remains 
of  the  ancient  flat  relief  today,  that  is,  after  the  general  Quaternary 
uplift  of  the  entire  area;  moreover,  the  lowest  known  remnants  within 
the  Garm  district  exist  today  at  elevations  of  1500  to  2000  m;  2)  the 
surface  of  the  Neogene  gravels  forming  an  alluvial  valley  at  the  end 


of  the  Neogene  In  the  western  portion  of  the  Garm  region  should  have 
been  considerably  above  sea  level,  where  lagoor.al  deposits  occurred  at 
the  beginning  of  the  Paleogene;  3)  the  difference  lr.  elevations  of  the 
Interfluve  surfaces  In  the  region  of  erosion  and  the  surface  of  sedi¬ 
mentation  at  the  end  of  the  Neogene  in  the  Pamir  foothills  basin  must 
have  been  so  great  as  to  cause  the  streams  to  flow  rapidly,  so  that 
they  carried  coarse  clastic  material  into  the  valley. 

Quaternary  Period 

The  following  significant  geological  events  occurred  in  the  Garm 
district  during  the  Quaternary  period:  l)  within  this  district,  area 
sedimentation  ceased  (with  the  exception  of  river  alluvia);  2)  folding 
in  Pamir  Mesozoic  and  Tertiary  deposits;  3)  a  flat  relief  was  de¬ 
veloped,  dissecting  the  folds,  and  showing  no  traces  of  substantial 
further  development  of  individual  partial  folds  into  sedimentary 
blanket;  4)  owing  to  the  differential  uplifting  of  individual  tectonic 
zones  and  sections  within  them,  the  residual  mountains  of  the  flat 
Quaternary  relief  were  uplifted  to  a  different  height;  5)  as  a  result 
of  the  uplifting,  erosion  created  the  present-day  strongly  disjointed 
high-mountain  relief. 

It  is  very  important  to  add  to  preliminary  remarks  in  determining 
the  basic  stages  in  the  history  of  the  Quaternary  movements,  and  in 
establishing  differences  in  the  movements  of  individual  sections  of 
the  Garm  region. 

First,  in  1936 ,  Ye.Ya.  Rantsman  advised  us  that  she  had  observed 
on  the  northern  slope  of  the  western  half  of  the  Peter  I  range  out¬ 
croppings  of  one  surface  of  an  ancient  leveled  Quaternary  relief, 
formed  from  Mesozoic  and  Tertiary  rock  within  the  former  Pamir  foot¬ 
hills  trough;  the  difference  in  heights  at  which  the  outcroppings  were 
observed  is  explained  by  displacements  along  faults  occurring  in  the 
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Quaternary  period.  Second,  the  Lower  Quaternary  moraines,  studied  by 
Ye.Ya.  Rantsrnan  in  the  lower  reaches  of  the  Kuksu  River  are  located  in 
the  valley  at  the  level  of  the  present-day  thalweg.  At  several  points 
within  the  Garm  district,  the  present-day  channels  of  major  rivers 
did  not  dip  below  the  Lower  Quaternary  deposits.  These  facts  were  con¬ 
firmed  by  our  observations,  and  supplemented  by  additional  data, 
obliging  us  to  distinguish  the  following  two  basic  stages  in  the  Qua¬ 
ternary  movements. 

The  first  stage  covers  the  beginning  of  the  Quaternary  period 
and,  possibly,  the  very  end  of  the  Neogene  period.  During  this  time, 
the  Pamir  foothills  trough  was  uplifted  at  such  a  rapid  rate  that  its 
relief  reached  heights  equaling  those  of  the  neighboring  tectonic 
zones.  In  this  connection,  area  sedimentation  ceased  within  the  trough; 
this  depression  ceased  to  be  a  region  of  accumulation  of  products  from 
the  disintegration  of  the  neighboring  tectonic  zones,  and  on  the  whole, 
joined  the  earlier  erosion  regions.  Destruction  products  from  all  tec¬ 
tonic  zones  were  borne  beyond  the  borders  of  the  Garm  district  to  the 
Southwest  into  the  central  portion  of  the  Tadzhik  depression.  The 
Pamir  foothills  depression  zone  was  uplifted  not  only  absolutely  but 
relatively  as  well  with  respect  to  neighboring  zones.  While  this  rela¬ 
tive  uplift  of  the  former  trough  was  occurring,  folds,  and  faults  were 
forming  within  the  Mesozoic  and  Tertiary  rock;  this  was  connected  both 
directly  with  the  relative  zonal  uplift  and  with  folds  in  the  sedimen¬ 
tary  mantle.  The  folds  and  faults  distorted  the  initial  flat  relief  of 
the  cumulative  valley  existing  at  the  end  of  the  Neogene.  The  partial 
uplifts  appearing  within  this  zone  were  eroded.  The  relationship  be¬ 
tween  the  rates  of  growth  and  erosion  was  such  that  a  hilly  relief, 
resembling  a  peneplain,  was  created.  This  peneplain,  however,  did  not 
represent  the  end  of  this  mountainous  area's  development,  but  corres- 


ponded  to  Its  beginning.  A  peneplain  of  this  type,  appearing  during  a 
transition  froa  a  valley  to  a  Mountainous  region,  exists  today  to  the 
Southwest  of  the  Paalr  foothills  trough,  and  in  the  Interior  portion 
of  the  Tadzhik  depression,  adjacent  to  Amu-Dar'.  it  Is  also  known  to 
exist  In  several  foothills  districts  of  the  Caucasus. 

Owing  to  the  uplift  of  the  Paalr  foothills  trough  zone,  erosion 
probably  was  not  Intensive  In  the  adjacent  zones,  and  was  replaced  In 
part  by  cumulative  filling  up  of  the  valley.  The  general  level  of  the 
water  sheds  In  the  zone  under  consideration  and  in  adjacent  portions 
of  neighboring  zones  was  evidently  the  saae.  It  is  hard  to  assume 
that  An  the  presence  of  the  general  Increase  in  uplifts  it  would  be 
lower  than  the  level  In  the  most  uplifted  zones  at  the  end  of  the  Heo- 
gene,  1.  e. ,  less  than  1000  a.  It  Is  more  likely  that  the  level  was 
greater  than  1000  a.  Inasmuch  as  remnants  of  this  relief  are  encount¬ 
ered  today  at  heights  beginning  at  1500-2000  a,  the  level  cannot  be 
assumed  to  be  greater  than  1500  a  In  the  Early  Quaternary.  In  addi¬ 
tion,  remnants  of  the  flat  relief  are  found  beyond  the  borders  of  the 
Paalr  foothills  trough  zone  at  heights  commencing  at  1500  n.  Thus,  It 
Is  meat  likely  that  at  the  end  of  the  first  stage,  the  heights  of  the 
water  sheds  In  She  Garm  district  approximated  to  some  one  more  or  less 
thorlzQniafl.  level  An  all  tectonic  zones;  this  level  was  probably  lo¬ 
cated  at  about'  1500  a.  A  possible  error  In  finding  the  absolute  height 
will  have  no  effect  upon  our  subsequent  conclusions  of  a  seisaogeolog- 
ical  nature. 

A  basic  feature  of  the  second  stage  Is  the  nonunifora  uplifting 
of  all  tectonic  zones.  The  heights  at  which  outcroppings  of  the  Lower 
Quaternary  peneplain  occur,  as  shown  In  Figs.  119  end  120,  may  be  used 
to  establish  the  fact  that  the  greatest  uplift  occurred  In  the  north¬ 
ern  .Pair  and  Jtorwaz  zona.'  .Here*  e t  places  in  which  the  ancient  pens- 


plain  is  already  eroded,  there  are  present-day  peaks  reaching  5500  m 
in  height.  Consequently,  the  uplift  amounted  to  more  than  4000  m. 
During  is  rising,  this  uplift  expanded  somewhat  to  the  North  at  the 
expense  of  a  narrow  strip  cut  out  from  the  Pamir  foothills  trough  zone 
by  faults.  These  young  faults  displace  the  contemporary  moraines.  On 
the  northern  slope  of  the  western  portion  of  the  Peter  I  range,  there 
is  a  valley  that  is  dammed  by  a  fault  wall  that  is  rising  today.  The 
shoulder  of  this  dam  is  a  fault  surface  with  slickensides  (Pig.  123). 

The  greatest  uplift  in  the  Pamir  foothills  trough  zone  occurred 
to  the  East  of  the  Garm  region  in  the  Zaalay  range,  where  the  relief 
today  reaches  heights  of  7000  m;  in  the  Garm  district,  the  maximum 
heights  in  this  zone  reach  only  4500  m  and,  consequently,  here  the  up¬ 
lift  amounted  to  about  3000  m.  The  least  uplift  in  the  Garm  district 
occurs  in  a  zone  of  block-dome  uplift  in  the  southern  portion  of  West¬ 
ern  Tlen-Shan  on  the  site  of  the  ancient  platform;  there  was  very  lit¬ 
tle  uplift  (500-1500  m)  in  the  southern  sections  of  the  zone  (bounded 
by  faults)  that  coincide  with  the  present-day  northern  slope  of  the 
Peter  I  range  (Fig.  124),  and  with  the  watershed  between  the  Surkhob 
River  and  the  more  northerly  Yasman  and  Komarou  Rivers  (Pig.  125). 

A  very  important  feature  of  the  second  stage  consists  in  the  fact 
that  these  uplifts  occurred  in  the  first  part  of  the  stage,  which  we 
date  by  the  glaciation  that  occurred  here.  It  was  Just  at  this  time 
that  the  chief  rivers  cut  their  valleys  to  the  present-day  depth.  The 
first  of  the  ancient  glaciations,  which  possibly  corresponds  to  the 
Rlss  glaciation  or  one  of  the  stages  of  the  Wuerm  glaciation  was  of 
the  valley  type.  Its  moraines  in  many  places  are  found  at  levels  close 
to  the  present-day  thalweg. 

Subsequently,  owing  to  the  irregularity  of  the  uplifts  in  time, 
and  the  fact  that  they  were  briefly  replaced  by  a  slight  subsidence. 
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Pig.  123.  Valley  partitioned  by  spur 
formed  by  uplifted  fault  wall.  The 
shadow  covers  the  sllckensldes  sur¬ 
face  (northern  3lope  of  western  sec¬ 
tion  of  Peter  I  range). 

and  possibly,  in  part,  owing  to  the  appearance  of  new  uplifts  to  the 
Northwest  of  the  Garra  district,  which  might  have  elevated  the  general 
erosion  basis  for  the  district,  erosion  of  the  bottom  gave  way  to  the 
accumulation  of  alluvium.  Maximum  thickness  of  120  m  occurs  near  the 
mouth  of  the  Oblkhlngou  River.  Here  it  is  possible  to  isolate  two  ter¬ 
race  complexes  so  as  to  fix  two  chief  delays  in  the  time  development 
of  the  uplift. 

At  the  present  time,  the  ancient  alluvia  of  the  chief  rivers  have 
not  yet  been  cut  through  to  the  base  level  in  many  places  within  the 
Garm  district.  This  means  that  the  present-day  uplift  of  the  district 
as  a  whole  apparently  does  not  exceed  that  which  had  been  reached  when 
the  moraines  were  deposited.  Consequently,  it  may  be  assumed  that 
there  was  a  decrease  in  the  rate  of  uplift  in  the  second  portion  of 
the  second  stage  in  comparison  with  the  rate  during  the  first  portion. 
In  addition,  the  terraces  make  it  possible  to  establish  the  fact  that 
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U>  the  present  day,  Individ - 


up  to  the  end  of  the  second  stage,  i.e. , 
ual  zones  and  even  sections  within  the  zone;;  have  been  uplifted  at 
different  rates.  The  smallest  uplift  occurred  at  the  southern  edge  of 
the  former  platform  at  the  site  of  the  Surkhob  River  valley.  The  an¬ 
cient  alluvium  is  almost  uncut  by  the  river  here.  The  edges  of  the 
highest  terraces  are  only  10-20  m  above  the  bed,  and  are  lower  in 
places.  The  flood  plain  of  the  river  is  broad,  the  bed  is  divided  in¬ 
to  numerous  fingers,  and  is  studded  with  sand  bars  and  islands.  In  a 
pertion  of  the  valley,  the  bed  reacho:;  an  oveivall  width  of  1.5  km. 

The  absence  of  an  uplift  after  accumulation  of  the  ancient  alluvium  is 
especially  apparent  near  Khait  and  further  t.o  the  West,  almost  to  Garm. 
Here  we  get  the  Impression  that  the  mountains  are  "sinking"  downward 
and  are  being  buried  by  the  alluvium  (Pig.  125).  To  the  West  and  East 
of  this  section,  the  terraces  are  somewhat  nlgher.  Near  the  western 
and  eastern  borders  of  the  district  they  rise  still  further,  indicat¬ 
ing  a  substantial  uplift  of  the  locality.  Below  the  mouth  of  the  Obi- 


Flg.  124.  Horizontal  surface  on  northern  slope 
of  western  section  of  Peter  I  range,  an  out¬ 
crop  of  the  Lower  Quaternary  base  level. 
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Pig.  125.  View  from  the  right  bank  of  the  Surkhob 
River,  looking  downstream.  The  Kabudkrym  range  is 
in  the  middle.  The  Yasman  valley  is  on  the  right. 

khingou  River,  immediately  beyond  the  western  boundary  of  the  dis¬ 
trict,  the  terraces  of  the  Vakhsh  River  reach  heights  of  100-200  m. 
Near  the  mouth  of  the  Muksu  River,  near  the  eastern  border  of  the  dis¬ 
trict,  the  maximum  terrace  heights  amount  to  60  m. 

An  especially  sharp  variation  in  the  vertical -movement  rate  may 
be  seen  at  right  angles  to  the  trend  of  the  tectonic  zones.  Toward  the 
Northwest  from  the  Surkhob,  the  terraces  rise  quite  steeply  along  its 
right-hand  banks,  extending  for  distances  of  10-15  km,  after  which  the 
valleys  become  gorges  with  convex  slopes.  Here  the  riverbeds  have  been 
cut  far  below  the  ancient  alluvium.  In  many  places,  there  are  no  ter¬ 
races.  Consequently,  the  rate  of  uplift  of  the  Earth's  surface  to  the 
North  of  the  Surkhob  River  rises  sharply.  In  direct  proximity  to  the 
Surkhob,  however,  on  the  slopes  of  the  Kabudkrym  mountain  massif,  ac¬ 
cording  to  the  observations  of  Ye.Ya.  Rantsman,  the  terraces  are  de¬ 
veloped  on  a  broad  scale  and  are  low  in  height.  This  indicates  that 
this  massif  has  not  been  subject  to  any  noticeable  uplifting. 

To  the  Southeast  of  the  Surkhob,  a  considerable  increase  in  ter¬ 
race  height  may  be  seen  within  the  ancient  Pamir  foothills  trough 
zone.  In  the  eastern  section  of  the  district,  the  terraces  of  the  Muk¬ 
su  River  reach  120-150  m  in  height  (Fig.  126).  Further  to  the  South, 


going  along  the  Muksu  River  to  the  north¬ 
ern  Pamir  uplift  zone,  we  encounter  a 
gorge  that  is  almost  devoid  of  terraces. 
This  means  that  in  this  cross  section  of 
the  Pamir  foothills  trough  zone,  the  up¬ 
lift  occurred  more  quickly  than  at  the 
edge  of  the  platform,  while  at  the  north¬ 
ern  edge  of  the  Pamir  zone,  the  uplift 
took  place  at  still  a  higher  rate. 

In  the  western  section  of  the  re¬ 
gion,  to  the  Southeast  of  the  Surkhob,  a 
considerable  elevation  of  terraces  in  the 
lower  portion  of  the  Obikhingou  River 
valley  is  visible.  On  the  border  between 
the  zone  of  the  southern  margin  of  the  old  platform  and  the  zone  of 
the  ancient  Pamir  foothills  trough,  the  river  flows  in  a  deep  narrow 
gorge  without  terraces.  Within  the  trough  zone,  however,  the  ancient 
terraces  of  the  Obikhingou  are  retained  throughout  the  greater  part  of 
the  valley. 

Thus,  it  is  clear  that  for  all  sections  the  zone  formed  by  the 
former  trough  clearly  rose  more  rapidly  than  the  margins  of  the  old 
platform;  here  an  especially  intensive  uplift  occurred  in  the  extreme 
northwestern  (pre -platform)  portion  of  the  trough  zone.  The  edge  of 
the  platform,  including  the  Surkhob  River  valley,  and  a  portion  of  the 
Kabudkrym  mountain  massif  is  an  area  in  which  the  very  youngest  Qua¬ 
ternary  movements  occurred  at  slow  speed.  This  is  why  it  appears  to  be 
depressed  with  respect  to  the  remaining  sections  of  the  district. 

These  differences  in  the  movements  in  individual  zones  and  sec¬ 
tions  of  the  aarm  district  during  the  second  part  of  the  ^latemary 


Pig.  126.  Terraces  on  the 
Muksu  River. 
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period  can  be  placed,  approximately,  within  the  past  120,000  years,  If 
the  moraines  at  the  mouth  of  the  Muksu  River  are  of  the  Wuerm  type, 
and  within  the  past  230,000  years  if  they  are  of  the  Rlss  type. 

The  tectonic -movement  curves  (Fig.  127)  and  the  geological  sec¬ 
tions  (Fig.  122)  clearly  show  the  substantial  difference  in  all  of  the 
Mesozoic  and  Cenozoic  movements  on  the  southern  and  northern  slopes  of 
the  Peter  I  range,  and  thus  indicate  the  border  between  the  geosyn- 
cllnal  and  platform  regions. 

On  the  basis  of  the  data  presented  for  the  Garm  district,  the 
frequently  discussed  question  of  the  nature  of  the  border  between  the 
Pamirs  and  Alay  (Tien-Shan)  [229,  233-237,  242-246],  it  seems  to  us, 
should  be  looked  into  again.  It  is  now  enough  to  assume  that  Tien-Shan 
is  a  region  of  post -platform  activation  of  tectonic  movements  on  the 
site  of  an  Epihercynian  platform  [231,  238,  247]  to  the  South,  within 
the  Hindu  Kush,  Himalayas,  and  Pamir,  there  Is  an  alpine  geosynclinal 
region,  in  which  there  is  also  noticeable  activation  of  new  movements, 
covering,  on  the  whole,  a  considerable  portion  of  the  Earth's  crust. 
The  phenomenon  of  activation  in  the  Tertiary  and  Quaternary  periods 
unites  the  former  platform  with  the  alpine  geosynclinal  region,  and 
makes  it  difficult  to  draw  the  boundary  between  them.  In  this  fact 
lies  one  of  the  most  important  features  of  the  tectonics  of  South  Cen¬ 
tral  Asia.  Thus,  there  is  some  Justification  for  those  scientists  who 
saw  no  essential  difference  between  Pamir  and  Alay  [229,  231,  236, 
246].  The  difference  between  the  former  platform  and  the  geosyncline, 
however,  still  exists,  and  is  especially  noticeable  in  the  Mesozoic. 
Consequently,  those  scientists  were  right  who  drew  a  boundary  between 
Pamir  and  Tien-Shan  [233,  235,  240,  242].  At  the  present  time,  the  es¬ 
sence  of  the  Pamir  -  Tien-Shan  boundary  question  lies  in  drawing  the 
boundary  between  the  geosynclinal  and  former  platform  regions.  In  the 
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Pig.  127.  Tec tonic -movement  curves  in 
the  Garm  district  during  the  Mesozoic 
and  Cenozoic.  A-II-c)  Tovll'-Dora  sec¬ 
tion;  B-I-b)  section  between  city  of 
Garm  and  village  of  Shul*.  1)  Result¬ 
ant  curve  for  tectonic  movements  in 
Mesozoic  and  Cenozoic  (curve  of  tec¬ 
tonic  movements  of  Paleozoic  mantle); 

2)  curve  of  geomorphological  represen¬ 
tation  of  tectonic  movement;  3)  curve 
for  tectonic  movements  of  Lower  Creta¬ 
ceous  sole;  4)  curve  for  tectonic  move¬ 
ments  of  Upper  Cretaceous;  5)  curve  for 
tectonic  movements  of  Lower  and  Middle 
Paleogene  soles;  6)  curve  for  tectonic 
movements  of  Upper  Paleogene  and  Neo¬ 
gene  soles;  7)  million  years. 


Garm  district ,  this  boundary  proves  to  run  along  the  crest  of  the 
western  half  of  the  Peter  I  range,  lhis  is  indicated  by  the  essential 
difference  in  all  Mesozoic  and  Cenozoic  movements  on  the  southern  and 
northern  slopes  of  the  range,  which  is  very  well  defined  on  the  appro¬ 
priate  curves  (fig.  127)  &nd  on  the  geological  profile  sections  (Fig. 
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Using  an  entire  set  of  criteria,  the  boundary  between  the  plat- 
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form  and  geosynclinal  regions  of’  the  Oarm  district  should  be  drawn  to 
the  East  along  the  northern  slope  of  the  Alay  range.  To  the  Southwest 
of  the  district,  it  runs  along  the  northwestern  slope  of  the  Vakhsh 
range,  and  then  along  the  Surkh-ku  range,  and  then  turns  fro  the  South¬ 
west  toward  the  Tutkaul’skiy  Junction.  Prom  here,  we  should  assume 
that  it  runs  South  into  Afghani sta:.,  approximately  as  shown  in  Pig. 

129.  The  central  section  of  the  depression  is  a  platform;  the  eastern 
portion  is  a  geosynclinal  depression,  to  the  Northeast  of  which,  in 
the  Garm  district,  there  is  a  young  tectonic  uplift.  The  western  sec¬ 
tion  of  Tadzhik  depression,  in  which  the  Mesozoic  Is  thicker  in  the 
Kugitang  range,  and  to  the  West,  can  be  considered  to  be  a  parageosyn- 
cllnal  (half -platform)  section.  The  differences  in  the  Mesozoic  and 
Cenozoic  histories  of  these  portions  of  the  depression  are  apparently 
inherited  from  different  zones  of  the  Paleozoic  geosynclinal. 

The  well-defined  gradual  development  of  movements  along  the  trend 
of  the  Pamir  foothills  trough  is  noteworthy.  Throughout  almost  the  en¬ 
tire  alpine  stage,  the  subsidence  has  spread  from  the  Southwest  to  the 
Northeast  while  the  uplift,  coming  at  the  end  of  this  stage,  gradually 
moves  in  the  opposite  direction  from  the  Northeast  to  the  Southwest. 

In  the  Alay  range,  intensive  uplifting  and  folding  occurred  in  the 
Neogene.  It  has  already  become  attenuated.  In  the  Garm  district,  they 
have  taken  place  at  the  beginning  of  the  Quaternary  period  (in  its 
first  half),  but  the  uplift  continued  to  the  present  day.  In  the  South¬ 
western  portion  of  the  trough,  these  processes  have  only  begun  to  de¬ 
velop.  Area  accumulation  of  Quaternary  deposits  has  only  Just  ended 
here.  Urns,  the  Oarm  district  is  very  active  from  the  tectonic  view¬ 
point  at  the  present  time. 


Fig.  128.  Tectonic  Diagram  of  Garm  Region.  A)  Alpine  Geosynclinal  Region.  I) 
Zone  of  block-dome  upheaval  of  Northern  Pamir  and  Darvaz,  subject  to  constant 
and  irregular  upgrading  during  the  Mesozoic  and  Cenozoic:  1)  subzone  a  in 
which  the  lower  Quaternary  relief  is  raised  to  a  height  greater  than  3000-3500 
m;  II)  zone  of  Pamir  foothills  flexure,  subject  to  intensive  sagging  in  the 
Mesozoic  and  Tertiary  periods,  followed  in  the  Garm  region  by  uplift  in  the 
East  at  the  end  of  the  Tertiary  period,  and  in  all  sections  of  the  region  by 
intensive  uplift  and  folding  in  the  Quaternary  period: 3)  subzone  a,  Sorbulak- 
skoye  uplift  developed  in  the  flexure,  in  the  Neogene;  in  the  Qultemary 
period,  the  southern  region  of  the  uplift  became  part  of  subzone  II— b;  the 
Northern  section  detached  from  it  by  faulting  became  part  of  subzone  II-c;  4) 
subzone  b  in  which  the  lower  Qua tenary  relief  is  raised  to  a  height  of  more 
than  4000  m;  section  of  flexure  connected  to  block- dome  upheaval  of  Northern 
Pamir  in  the  Quaternary  period;  5,  6)  subzone  c  markedly  uplifted  section  of 
flexure,  ancient  Quaternary  relief  raised  to  a”height  of  more  than  3500  ra: 

5)  section  of  aubzone  In  which  the  lower  Quaternary  relief  is  raised  to  a 

more  than  4000  m:  6)  section  of  subzone  in  which  the  lower  Quaternary 
relief  is  raised  to  a  height  of  more  than  3500-4000  m:  subzone  d,  section  of 
flexure  in  which  the  lower  Quaternary  relief  is  raised  to  3000-3500  m. 
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2)  Activation  Region  of  New  Movements  in  the  Epihercyr.ian  Platform.  Zone  I, 
Couthern  area  of  Western  Tlen-Shan,  subject  to  weak  sinking  and  uplifting  in 
the  Mesozoic  and  Paleogene,  giving  way  to  intensive  block-dome  uplifting  in 
the  Meogene  and  Quaternary  periods;  highest  inner  subzone  a  in  which  the  an¬ 
cient  Quaternary  relief  is  raised  to  a  height  greater  than”4000  m:  9-10)  inter¬ 
mediate  average  uplifted  subzone  b,  in  regions  in  which  the  ancient  Quaternary 
relief  is  raised  to  a  height:  9)  of  more  than  3&00  m:  10)  of  3000-3800  m: 

11-12)  the  lowest  outer  subzone  c,  in  which  the  ancient  Quaternary  relief  is 
raised  to  a  height;  11)  of  2500  To  3000  m:  12)  of  2000  to  2500  nr  height  at 
which  relics  of  ancient  Quaternary  relieT  were  preserved  (in  meTers  from  sea 
level);  14)  maximum  altitude  of  contemporary  watersheds,  taken  as  the  lower 
limit  of  the  rise  in  ancient  Quaternary  relief  (in  meters  from  sea  level)-  15) 
axes  of  anticlines  in  zone  II.  Tectonic  Faults.  Inherited  Paleozoic  plutonlc 
fault  zones  along  which;  16)  dislocations  took  place  In  the  Itesozofc  an3~ 
"Cenozolc,  primarily  in  one  direction  (the  North-Western  sides  dropped  down): 

17)  the  shifting  took  place  primarily  in  the  Mesozoic  and  Tertiary  periods 
in  one  direction  (North-Western  sides  dropped  down),  while  in  the  Quaternary 
period  they  were  in  the  opposite  direction  (the  same  side3  were  elevated); 

18)  shifting  took  place  in  the  Mesozoic  and  Tertiary  periods  in  one  direction 
(South-Eastern  sides  dropped  down),  while  in  the  Quaternary  period  it  took 
place  in  the  opposite  direction  (the  same  sides  dropped  down);  19)  shifting 
took  place  primarily  at  the  end  of  the  Ueogene  and  Quaternary  periods  (the 
direction  of  the  shifting  of  the  sides  varied  for  various  faults).  Faults 
associated  with  the  movements  of  separate  zones  and  subzones:  20)  zones  71-1 
relative  to  zone  A-ll;  §1)  zones  A- I I  relative  to  zone  A- I  and  region  B:  22) 
subzones  B-I-a  relative  to  subzone  B-I-b;  23)  Bubzones  B-I-b  relative  to  sub¬ 
zones  B-I-a  and  B-I-c;  24)  subzoneB  B-I-c  relative  to  subzone  B-I-b  and  zone 
A- II;  25)  faults  along  which  the  direction  of  the  shifting  of  the  sides 
changed;  6)  faults  assumed  in  depth.  Secondary  faults:  27)  with  obscure  di¬ 
rection  of  shifting  sides;  28)  with  obscure  direction  of  side  shifting.  For 
all  faults,  the  solid  line  is  drawn  from  the  relatively  uplifted  side 
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§2.  PRESENT-DAY  STRUCTURE  OP  THE  GARM  DISTRICT 

The  present-day  structure  of  the  Garm  district  was  formed  over  a 
long  period  of  time,  differs  in  appearance,  depending  on  the 
stratographic  surfaces  we  look  at.  Within  the  borders  of  the  district, 
two  structural  stages  are  clearly  delimited;  they  differ  sharply  in 
their  physical  properties.  The  upper  stage  is  composed  of  Cenozoic  and 
Mesozoic  deposits,  and  the  lower  stage  is  formed  of  Paleozoic  blocks. 
The  interior  structure  of  the  upper  stage  differs  considerably  from 
the  interior  structure  of  the  lower  stage.  Also  of  considerable  in¬ 
terest  are  data  on  the  form  of  two  surfaces,  one  separating  these 
stages  (the  Paleozoic  denudation  surface),  and  the  other  forming  the 
upper  boundary  of  the  top  stage  (the  Lower  Quaternary  base  surface). 
Thus,  the  description  below  is  given  in  the  following  sequence:  1)  in¬ 
ternal  structure  of  the  lower  stage;  2)  shape  of  the  surface  separat¬ 
ing  the  latter  from  the  upper  stage;  3)  internal  structure  of  the  up¬ 
per  stage;  4)  shape  of  its  top  surface. 

Internal  Structure  of  Paleozoic  Formations 

The  constituent  rocks  today  form  three  massive  structural  com¬ 
plexes.  Within  the  Paleozoic  rocks  of  the  northwestern  half  of  the 
district  (within  the  former  platform),  the  layers  are  dislocated,  and 
form  a  small  antlclinorlum,  composed  for  the  most  part  of  Silurian 
metamorphlc  schists,  which  in  many  places  have  been  transformed  into 
gneisses,  and  have  been  penetrated  by  Intrusions  of  Paleozoic  grani¬ 
toids.  The  western  periclinal  portion  of  the  main  anticlinorium  body 
is  located  at  the  western  boundary  of  the  district,  at  the  latitude  of 
Garm.  The  eastern  end  of  the  main  body  lies  outside  the  district.  Evi¬ 
dently,  the  hinge  of  the  antlclinorlum  has  experienced  the  greatest 
uplift  between  Garm  and  Khalt.  It  may  be  assumed  that  the  southern 
limb  of  the  antlclinorlum  Is  cut  at  the  site  of  the  Peter  I  range  wa- 
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tershed  by  the  Petrovskaya  Paleozoic  fault  zone;  here  the  faults  are 
burled  under  Mesozoic  deposits. 

There  is  a  syncllnorium  on  the  southern  slope  of  the  western  sec¬ 
tion  of  the  Peter  I  range,  composed  of  Late  and  Middle  Paleozoic  lime¬ 
stones,  terrigenous  and  extrusive  rocks. 

The  southwestern  edge  of  the  district  (the  Darvaz  range  and  the 
eastern  portion  of  the  Peter  I  range,  which  turns  toward  the  South)  is 
an  anticlinorium  in  the  Paleozoic  structure.  Large-scale  intensive 
folding  and  faulting  are  known  to  exist  within  it. 

Shape  of  the  Upper  Surface  of  the  Paleozoic  Formations 

The  surface  forming  the  top  boundary  of  the  Paleozoic  rocks  over 
a  large  portion  of  the  district  cutB  the  layers  and  intrusions  formed 
by  them,  and  represents  an  unconformity  of  the  various  Mesozoic  and 
Cenozoic  deposits  with  respect  to  previously  dislocated  and  denuded 
Paleozoic  rocks.  The  numerous  outcroppings  of  this  surface,  as  well  as 
the  predominant  bed  elements  and  the  thicknesses  of  the  overlying  Me¬ 
sozoic  and  Tertiary  rocks  permit  the  basic  outlines  of  the  present-day 
form  of  this  surface  to  be  found.  This  form  is  the  total  result  of  all 
tectonic  movements  occurring  from  the  beginning  of  the  Mesozoic  to  the 
present  (Fig.  128).  Hie  Qarm  district  includes  part  of  the  major  sub¬ 
sidence  of  this  surface,  corresponding  to  the  Pamir  foothills  trough, 
in  which  the  angular  unconformity  between  the  Mesozoic  and  Paleozoic 
vanishes.  In  the  deepest  portions  of  the  trough,  the  Paleozoic  surface 
lies  8-12  km  below  sea  level.  The  box-shaped  and,  evidently  fault- 
bounded  Sorbulakskoye  uplift  Is  located  within  the  northeastern  por¬ 
tion  of  the  district,  within  the  trough.  In  addition,  the  trough  may 
contain  several  other  uplifts  and  structural  ledges  as  illustrated 
tentatively  In  Pigs.  119,  120,  122.  The  deepest  of  the  associated 
faults,  supposedly  deep  faults,  aye  shown  in  Pigs.  128  and  129* 


3teep  shelves,  complicated  by  faults  separate  the  depression  from  the 
neighboring  uplifts.  One  shelf  -  the  Petrovskiy  coincides  with  the  wa¬ 
tershed  portion  of  the  Peter  I  range,  and  the  other,  the  Karakul', 
with  the  northwestern  slope  of  the  Darvaz  range.  It  extends  to  the 
Northeast,  intersecting  the  valleys  of  the  Obikhingou  and  Muksu 
Rivers).  • 

The  present-day  territory  of  northern  Pamir  and  Darvaz  was  a.  con¬ 
tinuously  eroding  uplift  in  the  Mesozoic  and  Cenozoic.  Although  it 
contains  few  remnants  of  the  surface  under  consideration,  there  is  no 
doubt  that  in  general  it  must  be  considered  an  area  in  which  the  pre¬ 
sent-day  eroded  surface  occurs  extensively.  It  is  only  in  certain  sec¬ 
tions  that  this  uplift  is  covered  by  Neogene  conglomerates.  One  such 
structurally  depressed  section  is  to  be  found  in  the  Garm  district  — 
the  Safidaronskiy  section. 

Another  extensive  uplift  of  the  denuded  Paleozoic  surface  is 
found  in  the  Northwest  of  the  district.  Here  many  Mesozoic -Paleozoic 
contacts  are  to  be  found.  Directly  to  the  North  of  the  Petrovskaya 
shelf,  bordering  on  the  Pamir  foothills  trough,  the  Paleozoic  surface 
is  nearly  horlzpntal.  This  is  indicated  by  the  flat  Cretaceous  beds, 
complicated  slightly  by  small  folds.  The  fact  that  the  Paleozoic  is 
not  very  far  below  the  Earth's  surface  is  established  here  independ¬ 
ently  by  geological  and  seismic  methods.  We  must  assume  that  the 
Paleozoic  is  at  its  lowest  position  in  the  given  zone  in  the  central 
portion  of  the  district.  In  connection  with  transverse  flexure-type 
folds  and  faults  to  the  East  of  Tadzhikabad,  this  surface  is  elevated, 
but  still  does  not  reach  the  exposed  surface.  To  the  Southwest,  at  the 
longitude  of  the  mouth  of  the  Obikhingou  River,  the  Paleosoic  surface 
rises  so  sharply  that  areal  Paleosoic  outcroppings  appear  here. 

Within  this  structural  step,  there  are  separate  sections  in  the 
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Fig.  129.  Diagram  showing  tectonic  districting  of 
northeastern  portion  of  Tadzhik  depression,  and 
its  mountain  frame.  A)  Alpine  geosynclinal  region; 
I)  Zone  of  block-dome  uplift  of  northern  Pamir  arid 
Darvaz;  II)  Zone  of  Pamir  foothills  trough;  2) 
subzone  a  —  portion  of  depression  uplifted  inten¬ 
sively  and  connected  with  block-dome  uplift  of 
northern  Pamir  in  Quaternary  period;  3)  subzone  b 
—  connected  with  Sorbulakskoye  uplift;  4,  5,  6) 
subzones  c,  d,  e,  sections  of  depression  uplifted 
in  Quaternary  period  (density  of  hatching  indi¬ 
cates  degree  of  intensity  of  uplifting);  B)  Region 
of  post  platform  activation  of  tectonic  movements; 
i)  Zone  of  block-dome  uplifting  in  southern  3ec- 
tlon  of  western  Tien-Shan  with  Epihercynlan  base; 
7,  8,  9)  subzones  a,  b,  c  (density  of  hatching 
indicates  degree  oT  intensity  of  uplifting  in  Qua¬ 
ternary  period);  10)  subzone  d,  relative  (possibly 
absolute)  subsidence;  II)  Zone  of  block  Tadzhik 
structural  depression  with  Epihercynlan  Eplproter- 
ozoic  base,  sinking  throughout  the  Mesozoic  and 
Tertiary,  and  subject  in  the  Quaternary  to  differ¬ 
entiated  block  movements;  11)  subzone  a,  consist¬ 
ing  of  blocks  underlying  the  depression,  sloping 
chiefly  to  the  West  (the  heavy  hatching  Indicates 
the  most  uplifted  portions  of  the  blocks);  12) 
subzone  b,  consisting  of  blocks  underlying  the  de¬ 
pression,  sloping  chiefly  to  the  East  (the  heavy 
hatching  indicates  the  most  uplifted  portions  of 
the  blocks);  13)  supposed  Paleozoic  boundary  of 
Epiproterozoic  central  massif;  14)  basic  zones  of 
tectonic  faults;  15)  zones  of  tectonic  faults  as¬ 
sumed  to  be  deep;  16)  deep  tectonic  fault  zones 
bordering  tectonic  zones;  17)  Kafirnigan;  18)  Var- 
zob;  19)  Stalinabad;  20)  Vakhsh;  21)  Obi-Garm;  22) 
Kulyab;  23)  Obikhingou;  24)  Garm;  25)  Tovil'-Dora: 
26)  Dzhirgatal';  27)  Tadzhikabad;  28)  Surkhob;  29) 
Muksu, 
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form  of  blocks  that  have  been  uplifted  differentially.  Two  systems  of 
major  branching  faults  with  a  southwesterly  trend  intersect  the  step 
obliquely;  these  are  echelon  faults.  In  addition,  there  are  many  small 
blocks,  10-15  Ion  long  and  about  5  km  wide.  Their  uplifted  position  is 
reflected  in  a  blanket  of  Cretaceous  rock  in  the  form  of  long  narrow 
anticlinal  folds,  frequently  of  box-type  angular  shape  with  steep,  oc¬ 
casionally  Inverted  limbs. 

On  the  northwestern  boundary  of  the  step,  along  the  bed  of  the 
Surkhob  River  (and  somewhat  to  the  North  of  it  in  the  neighborhood  of 
Oarm),  the  next  structural  shelf  is  found,  the  Surkhob  shelf,  compli¬ 
cated  nearly  everywhere  by  very  steep  tectonic  faults  that  merge  into 
a  single  complicated  fracture.  To  the  Northwest,  Paleozoic  outcrop¬ 
pings  predominate,  and  thus  the  upper  surface  of  the  Paleozoic  stage 
must  be  assumed  to  have  been  uplifted  roughly  up  to  4000  m.  We  next 
encounter  outcroppings  of  Cretaceous  rock,  sloping  toward  the  North¬ 
west,  and  then  cut  by  the  next  fault  zone.  Thus,  we  may  speak  of  the 
existence  of  a  second  structural  step  to  the  North  of  the  Surkhob, 
higher  than  the  first  step,  and  having  the  form  of  a  gently  sloping 
anticline.  This  anticline,  called  the  Kabudkrym  anticline,  in  general 
coincides  with  the  main  body  of  the  Paleozoic  anticlinorlum  mentioned 
above.  The  limbs  of  the  anticline  slope  less  than  those  of  the  anti¬ 
clinorlum. 

Finally,  the  extreme  Northwest  of  the  district,  which  has  no 
Mesozoic  outcroppings,  and  in  which  the  heights  in  the  relief  due  to 
the  Paleozoic  are  more  than  4000  m,  is  considered  by  us  to  be  the 
third  and  most  uplifted  step,  where  the  surface  under  consideration 
(today  eroded)  is  located  at  a  height  of  more  than  4000  m. 

It  thus  appears  that  on  the  area  covered  by  the  portions  of  the 
Zeravshan,  Oissar,  and  Karataginskiy  ranges  that  lie  within  the  dans 

-  410  * 


district,  there  is  a  step-type  limb  of  a  dome-block  bulge  in  the  Pale¬ 
ozoic  surface. 

Internal  Structure  of  Mesozoic  and  Tertiary  Deposits 

Within  the  southern  stepped  limb  of  the  dome-block  uplift  in  the 
southern  portion  of  Western  Tlen-Shan,  outcroppings  of  Cretaceous  de¬ 
posits  make  it  possible  to  establish  only  the  single  major  Kabudkrym 
anticline.  Near  the  faults  that  cut  it  to  the  Northwest  within  the 
Cretaceous,  we  know  of  shallow  disharmonlc  folded  structures.  In  the 
main,  the  Cretaceous  beds  follow  the  shape  of  the  Paleozoic  surface. 

In  the  next  structural  step  to  the  Southeast,  which  coincides 
with  the  northern  slope  of  the  Peter  I  range,  in  contrast  to  many 
earlier  scientists,  we  have  found  gently  sloping  Cretaceous  beds  to 
predominate.  Another  idea  new  with  us  is  that  the  folds  developed  here 
are  simple  in  form,  and  repeat  the  shape  of  the  upper  Paleozoic  sur¬ 
face,  which  is  broken  up  by  steep  faults  into  individual  blocks 
shifted  with  respect  to  each  other  (Pigs.  119,  120,  122).  Directly  to 
the  West  of  Oarm,  there  is  a  block  of  Paleozoic  rock  (Mandalyul'  moun¬ 
tain),  which  is  revealed  by  the  denudation  of  the  main  portion  of  the 
anticline  within  the  Mesozoic  deposits.  Some  5-10  km  to  the  Southeast, 
there  is  a  second  such  fold,  triangular  in  plan,  formed  by  Cretaceous, 
rock.  Its  Paleozoic  core  has  still  not  become  exposed.  The  steep  limbs 
of  this  fold  are  complicated  by  steep  faults  of  the  upthrust  type.  The 
western  limb,  with  a  North-South  trend,  is  tilted  somewhat  to  the 
West.  The  slope  of  the  Runou  talus  runs  along  the  trend  of  the  limb. 
When  we  look  at  this  slope,  which  reveals  a  section  of  the  limb  along 
its  trend,  we  get  the  impression  that  the  talus  cuts  across  a  recum¬ 
bent  synclinal  fold. 

On  the  basis  of  an  erroneous  interpretation  of  this  outcropping, 
several  scientists  bsllevsd  that  within  the  entire  structural  step; 
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Fig.  130.  Schematic  geological  map 
and  sections  of  the  Daralnushorskly 
section  with  Intrusions  of  Upper 
Jurassic  gypsums  along  fault  zone. 

1)  Quaternary  gravels;  2)  Upper  Cre¬ 
taceous  carbonate  deposits;  3)  Lower 
Cretaceous  sandstones;  4)  Upper 
Jurassic  gypsums;  5)  Paleozoic  meta- 
morphlc  and  magmatic  rock;  6)  tec¬ 
tonic  faults,  a)  Syrkh-Dara;  b)  Koy- 
Darak  Bedok;  c)  Shlkery;  d)  Sfedorak. 


under  cons idera t ion ,  recumbent  folds  are  developed,  inverted  to  the 
Northwest,  and  complicated  by  gently  sloping  overthrusts.  As  a  matter 
of  fact,  here  all  faults  dip  steeply. 

The  faults  that  out  acrosa  the  Cretaceous  deposits  must  be  con- 
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sldered  to  extend  to  great  depths,  and  to  separate  the  Paleozoic 
blocks.  In  order  to  obtain  a  new  idea  of  the  internal  structure  in  the 
strip  under  consideration  it  is  important  that  the  many  exposures  of 
the  Jurassic  in  the  Cretaceous  should  not  be  considered  to  be  tectonic 
wedges  in  overthrust  seams.  We  have  established*  that  in  many  places, 
the  Upper  Jurassic  gypsums  have  been  displaced  upward,  forcing  their 
way  into  the  Cretaceous  rock  along  the  seams  of  steep  faults  (Pig. 

130).  It  Is  important  to  note  that  not  all  the  gypsums  found  among  the 
Cretaceous  rock  are  Jurassic  and  have  forced  their  way  along  faults. 
There  are  the  quite  widely  distributed  Senoman  gypsums,  which  are 
found  In  their  natural  stratographic  position  in  the  middle  of  the 
Cretaceous  section.  There  are  many  Senoman  gypsums  at  the  Lyuli-Kharvi 
pass,  where  they  are  assumed  to  be  Upper  Jurassic. 

Quite  large,  heavily  compressed  folds  in  the  Cretaceous  deposits 

are  seen  along  the  border  that  formerly  separated  the  platform  region 

from  the  Pamir  foothills  trough,  in  a  narrow  band  stretching  along  the 

crest  of  the  western  portion  of  the  Peter  I  range,  and  then  to  the 

Southwest,  outside  of  the  district,  along  the  Vakhsh  and  Surkhob 

ranges.  As  a  rule,  two -three  anticlines  are  encountered  in  each  cross 

section  of  this  strip,  since  echelon  folds  are  characteristic  of  the 

entire  strip.  The  folds  are  heavily  compressed,  frequently  are  Ya- 

fuchskiy  isoclinal  in  form,  and  are  overturned  with  a  shifting  direc- 

.  • 

tion.  They  are  frequently  overturned  to  the  Northwest,  toward  the  an¬ 
cient  platform.  Proceeding  along  the  trend  of  the  several  folds  in  the 
Oblkhlngou  River  basin,  we  can  see  how  the  direction  of  overturning 
can  reverse  Itself  in  the  same  anticline.  Several  of  the  anticlines 
are  fan  folds  (Pig.  122). 

In  the  eastern  portion  of  the  district,  this  disharmonic  fold 

complex,  related  with  the  northwestern  border  of  the  Pamir  foothills 
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trough  zone,  vanishes. 

In  the  Garm  district,  there  is  only  the  single  Yafuchskiy  up¬ 
thrust  associated  with  these  folds;  It  slopes  to  the  Southeast  at  an 
angle  of  70-80°.  It  is  quite  clearly  visible  in  the  gorge  of  the  Obi- 
khingou  River.  It  is  known  that  there  are  several  related  faults  to 
the  Southwest  of  the  district. 

Within  the  Pamir  foothills  trough  zone,  the  fold  structure  in  the 
eastern  portion  of  the  district  differs^  from  the  structure  in  the 
western  portion.  To  the  East,  on  the  site  of  the  ancient  Mesozoic  and 
Paleozoic  depression,  we  see  today  the  major  Sorbulakskoye  anticlinal 
uplift  in  the  Mesozoic  beds.  In  its  axial  section,  thick  Jurassic  and 
Lower  Cretaceous  beds  are  found,  sloping  gently,  with  very  steep 
partly  overturned  beds  on  the  limbs;  they  give  a  box-like  shape  to  the 
entire  structure.  To  the  East  of  the  Muksu  River,  the  uplift  becomes 
wider  and  higher.  It  Is  one  of  the  basic  echelon  uplifts,  formed 
Jointly  with  the  Zaalay  range.  The  Sorbulakskoye  anticline  takes 
slightly  different  forms  In  different  cross  sections.  In  the  eastern 
section  of  the  Garm  district,  in  the  Muksu  River  valley,  it  is  asym¬ 
metric.  A  northwestern  slope  of  the  beds  predominates.  Here  to  the 
Southeast  of  the  Sorbulakskoye  uplift,  there  is  a  quite  broad  syn¬ 
clinal  belt,  formed  in  the  Lower  and  Upper  Cretaceous,  and  complicated 
by  additional  folds  that  are  probably  disharmonic  with  respect  to  the 
Jurassic  beds.  Toward  the  Southwest,  along  the  tectonic-zone  trend, 
the  Sorbulakskoye  uplift  gradually  wedges  out,  and  the  uplift  becomes 
less  and  less  apparent.  Following  the  law  of  wedge  arrangment  of  major 
folds,  it  gradually  departs  from  the  northwestern  border  of  the  trough 
zone,  and  stays  near  the  southeastern  edge.  The  narrow  southwestern 
termination  of  the  uplift  occurs  near  Tovil'  -Dora,  where  It  Is  charac¬ 
terized  by  a  very  asymmetric  shape  with  a  gently  sloping  southeastern 


limb,  and  a  'very  steep  northwestern  limb,  in  the  form  of  a  large  flex¬ 
ure.  In  exposures,  it  is  quite  plain  that  certain  croups  of  Tertiary 
beds,  disharmonically  crumpled  in  the  upper  portion  of  the  steep  limb, 
are  overturned  in  places  toward  the  lower  section,  along  which  the 
Obikhingou  River  valley  passes  (Pig.  120).  These  morphological  fea¬ 
tures  of  the  Sorbulakskoye  uplift  tend  to  make  us  believe  that  far  be¬ 
neath  the  uplift  there  are  narrow  blocks,  bordered  by  steep  faults, 
that  were  forced  out  from  the  Upper  Paleozoic  formations  in  the  Pamir 
foothills  trough  when  they  were  crumpled  during  the  Neogene  and  at  the 
beginning  of  the  Quaternary. 

In  the  western  portion  of  the  Garm  district,  the  Mesozoic  and 
Tertiary  beds  form  a  syncllnorium  structure  with  a  northwestern  limb 
that  sinks  sharply  to  the  Southeast,  and  which  Is  complicated  by  the 
major  disharmonic  folds  that  we  have  mentioned.  Owing  to  the  sharp 
leveling  off  of  all  beds  in  general,  this  limb  can  be  followed  for  a 
long  ways  to  the  Southeast.  The  axis  of  the  syncllnorium  is  located 
near  its  southeastern  edge.  The  southeastern  limb  is  narrow  and 
slightly  dislocated.  As  we  approach  Pamir,  the  stratification  becomes 
simpler  and  simpler. 

All  of  the  folds  observed  in  the  syncllnorium  can  be  classified 
into  two  basic  types.  What  first  meets  the  eye  are  the  major  flexures, 
of  which  there  are  at  least  four  in  the  section  along  the  Obikhingou 
River  gorge.  Between  their  steep  limbs,  the  beds  are  very  nearly  hori¬ 
zontal.  Using  the  idea  of  the  very  probable  existence  of  faults  under 
the  Sorbulakskoye  uplift,  and  assuming  that  the  flexures  observed  in 
the  Garm  district  can  be  followed  for  a  distance  of  several  hundred 
kilometers  to  the  Southwest,  we  must  conclude  that  the  best  interpre¬ 
tation  of  the  flexures  is  obtained  if  we  assume  that  major  faults  In 
the  Paleozoic  base  of  the  depression  exist  under  them. 


The  folds  of  the  second  type  are  clearly  disharmonic  with  respect 
to  the  lower-lying  Tertiary  or  Mesozoic  beds  in  the  section.  Figure 
122  shows  that  some  of  the  beds  are  straight  isoclinal  anticlines  with 
main  bodies  of  relatively  plastic  argillaceous  layers  or  Danian  or  Up¬ 
per  Jurassic  gypsums.  Such  disharmonic  folds,  which  are  very  nearly  of 
the  diapir  type,  are  chiefly  associated  with  the  upper  sections  of  the 
major  flexures  just  mentioned,  which  frequently  mask  the  existence  of 
such  folds. 

The  main  flexures  with  "overlying”  disharmonic  folds  are  arranged 
in  echelon  fashion,  and  branch  out  from  the  northwestern  edge  of  the 
Pamir  foothills  trough  zone.  Owing  to  the  substantial  difference  be¬ 
tween  the  internal  structure  of  the  trough  zone  in  the  eastern  portion 
of  the  district,  where  we  find  a  major  anticlinal  uplift,  and  the 
structure  of  the  western  portion,  there  must  be  in  the  central  portion 
of  the  Garm  district  a  sharp  transverse  fold  in  the  given  zone,  with 
the  hinge  dipping  in  a  southwesterly  direction.  To  the  Southwest  of 
the  Obikhingou  River,  there  is  still  another  drop  in  all  layers  and 
folds  to  the  Southwest.  Thus,  we  should  take  note  of  the  step-type 
character  of  the  East-West  profile  in  the  zone  under  consideration. 

The  steps  go  down  from  the  Northeast  to  the  Southwest. 

Form  of  the  Upper  Surface  of  Mesozoic  and  Tertiary  Beds 

The  uppermost  competent  surface  that  enables  us  to  find  the 
structure  created  during  the  second  half  of  the  Quaternary,  is  the 
Lower  Quaternary  hilly  relief.  Above,  we  gave  some  Justification  for 
the  theory  that  the  watersheds  at  the  end  of  the  first  stage  of  the 
Quaternary  were  in  all  parts  of  the  Garm  district  located  in  the  vi¬ 
cinity  of  a  single  horizontal  level,  arbitrarily  taken  to  be  1500  m 
high. 

At  the  present  time,  there  are  many  places  in  various  parts  of 
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the  district  where  it  is  possible  to  observe  outcroppings  of  this  re¬ 
lief,  lying  at  various  heights,  and  frequently  separated  by  large 
shelves.  Major  alpine  tectonic  faults  can  be  found  quite  independently 
of  geomorpho logical  data  at  the  sites  of  such  shelves  from  the  dis¬ 
placements  of  beds  of  various  ages.  In  addition,  in  order  to  see  how 
the  initially  almost  horizontal  watershed  surface  was  formed,  we  as¬ 
sume  that  it  is  possible  in  this  district  to  make  use  of  the  surface 
that  Joins  the  present-day  peaks  of  the  mountains.  Since  the  present- 
day  mountains  appeared  owing  to  erosion  breakdown  of  a  plateau,  their 
peaks  lie  at  a  height  slightly  below  that  which  the  surface  of  the 
eroded  plateau  would  have  had.  This  theory  Is  confirmed  by  the  fact 
that  over  sections  of  considerable  area,  the  peaks  are  located  about  a 
single  surface,  regardless  of  the  age  and  composition  of  the  rock  com¬ 
posing  the  mountains.  In  various  sections,  this  surface  lies  at  dif¬ 
ferent  heights.  In  places,  it  slopes.  This  "present-day  peak  surface" 
we  assume  to  be  at  nearly  the  same  height  (somewhat  below)  the  water¬ 
shed  surface  of  the  already  eroded  Early  Quaternary  slightly  hilly  re¬ 
lief,  which  crops  out  at  several  places  In  the  district. 

In  the  northwestern  portion  of  the  district,  the  present-day  peak 
surface  gradually  drops  to  the  Southeast  from  3000  to  somewhat  more 
than  4000  m.  After  the  tectonic -fault  belt  that  borders  the  Kabudkrym 
anticline  on  the  North,  this  surface  drops  sharply  to  4000  and  3800  m. 
It  is  especially  low  to  the  North  of  Tadzhikabad  (3500  m  or  less).  The 
general  level  of  the  relief  then  goes  down  sharply  once  again  to 
roughly  2000-2500  in;  this  shelf  (the  Surkhob)  coincides  almost  every¬ 
where  with  the  bed  of  the  Surkhob  River.  It  is  only  near  Qarm  and  to 
the  Vest  of  it  that  the  shelf  lies  somewhat  to  the  North  of  the  Surk¬ 
hob  River.  It  is  a  very  important  fact  that  Southeast  of  the  shelf,  in 
the  lowest  point  of  the  Oar»  district,  from  the  structural  viewpoint, 

-  437 


traces  of  the  Early  Quaternary  slightly  hilly  relief  are  retained. 

They  form  a  broad  flat  step  on  the  northern  slope  of  the  Peter  I 
range.  The  lowest  outcroppings  of  the  ancient  relief  occur  on  the  cen¬ 
tral  portion  of  the  district,  lying  between  the  longitudes  of  Garm  and 
Khait.  On  the  western  boundary  of  the  district,  they  give  way  to  moun¬ 
tains,  worn  down  extensively  by *ferosion,  with  a  surface  gradually  ris¬ 
ing  to  the  West  to  3000  m,  while  in  the  basin  of  the  Kaflrnlgan  River, 
its  remaining  outcroppings  are  found  at  heights  of  about  3000  m.  In 
the  eastern  portion  of  the  Garm  district,  the  ancient  relief  gradually 
rises  to  the  East,  reaching  3000  m  at  the  longitude  of  Dzhirgatal'. 

As  we  go  to  the  Southeast,  at  right  angles  to  the  trend  of  the 
tectonic  zones,  following  the  low  strip  which  we  have  discussed,  there 
is  a  very  sharp  elevation  in  the  surface  of  the  ancient  relief.  In  the 
section  before  the  watershed  of  the  Peter  I  range,  it  is  located  at 
heights  greater  than  3000  m,  and  in  the  highest  portion  of  the  range, 
between  the  longitudes  of  Garm  and  Tadzhikabad,  there  was  an  uplift 
that  went  considerably  above  4000  m,  since  here  it  was  eroded,  and  the 
tops  of  the  present  peaks  reach  4700  m.  Thus,  as  we  go  from  the  tec¬ 
tonic  zone  of  the  former  platform  to  the  zone  of  the  former  Pamir 
foothills  trough,  there  is  a  second  sharp  structural  shelf  (the  Pe¬ 
trovskiy).  Within  its  boundaries  there  are  several  major  steeply  dip¬ 
ping  tectonic  faults  disturbing  the  ancient  relief.  It  is  important 
that  displacements  of  the  Early  Quaternary  Relief  occur  in  this  strip 
in  a  direction  opposite  to  that  observed  in  displacements  of  the  upper 
surface  of  the  lower  structural  stage. 

The  Pamir  foothills  trough  tectonic  zone,  located  to  the  South¬ 
west,  is  sharply  uplifted,  on  the  whole,  in  the  form  of  a  large  struc¬ 
tural  step  with  respect  to  the  preceding  zone,  while  the  surface  of 
the  lower  structural  stage  is  here  depressed,  on  the  other  hand.  While 
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the  remains  of  the  ancient  relief  have  as  yet  not  been  mapped  here,  we 
can  see  in  advance  that  they  should  be  located  quite  high,  since  the 
surface  of  the  peaks  does  not  drop  below  3000  m.  The  highest  level  of 
the  surface  Joining  the  peaks  occurs  near  the  northwestern  border  of 
the  zone.  Prom  this  point,  it  drops  slightly  toward  the  Southeast, 
sloping  gently  in  this  direction.  In  addition,  the  transverse  strip  in 
which  the  surface  connecting  the  peaks  drops  to  the  Southwest  coin¬ 
cides  with  the  valley  of  the  O^ikhingou  River  below  Tovil'-Dora. 

As  we  approach  the  Muksu  River  from  the  West,  the  step  narrows, 
and  becomes  nearly  horizontal.  To  the  East  of  the  Muksu,  beyond  the 
border  of  the  district,  it  begins  to  slope  towards  the  North. 

The  last,  most  southeasterly  section  of  the  district  is  the  next 
greatly  uplifted  step.  In  its  southwestern  portion,  it  is  located  at 
heights  of  3500-4000  m,  and  rises  very  slightly  above  the  preceding 
step.  Here,  in  the  Darvaz  range,  outcroppings  of  the  Early  Quaternary 
hilly  relief  may  be  seen.  On  the  northwestern  slope  of  the  range,  they 
slope  toward  the  neighboring  lower  step.  Toward  the  Northeast,  the 
step  under  consideration  rises  steeply,  and  thus  in  this  step  the  an¬ 
cient  relief  proves  to  be  eroded.  The  surface  of  the  present-day  peaks 
reaches  5500  m.  In  general,  the  given  step  corresponds  to  the  ancient 
uplift  of  Northern  Pamir  and  Darvaz.  As  we  go  from  it  to  the  preceding 
lower  step,  we  encounter  a  massive  shelf  in  the  relief  —  the  Karakul' 
shelf  to  the  Southwest,  and  the  Karashurinskiy  shelf  to  the  Northeast; 
the  latter  lies  within  the  southeastern  half  of  the  Sorbulakskoye  up¬ 
lift.  Thus,  the  present-day  border  of  the  Northern  Pamir  and  Darvaz 
uplift  in  the  eastern  portion  of  the  Oarm  district  has  shifted  within 
a  zone  lying  within  the  former  Pamir  foothills  trough. 

Qeneral  Diagram  of  Present-Day  Structure  in  the  District 

Comparing  the  data  listed,  we  can  see  that  in  the  extreme  north- 
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eastern  section  of  the  Oarm  district,  there  is  today  only  the  lower 
structural  stage,  formed  in  Paleozoic  rock.  Its  surface,  now  eroded, 
is  high,  and  nearly  coincides  with  the  surface  of  the  Early  Quaternary 
relief.  Next,  there  is  a  large  structure  shelf,  along  which  both  of 
these  surfaces  drop  toward  the  Southeast  to  the  lower  Kabudkrym  step. 
On  it,  in  places,  the  thin  upper  structural  stage  is  preserved,  formed 
in  Mesozoic  and  Tertiary  deposits.  Beyond  this  there  extends  the  next 
structural  ledge  —  the  Surkhob  -  in  which  both  competent  surfaces  drop 
sharply,  and  in  the  same  way,  to  the  Southeast.  Following  this,  on  the 
northern  slope  of  the  western  section  of  the  Peter  I  range,  there  is  a 
structural  step  in  which  both  structural  stages  are  developed  every¬ 
where;  Judging  from  geological  data  alone,  the  upper  stage  here  is  not 
very  thick  (to  2  km).  In  the  following  structural  shelf  to  the  South¬ 
east,  the  Petrovskiy  shelf,  1;he  lower  competent  surface  is  greatly  de¬ 
pressed,  while  the  upper  surface,  on  the  contrary,  rises,  leading  to 
the  next  step,  corresponding  to  the  southern  slope  of  the  western  por¬ 
tion  of  the  Peter  I  range.  In  this  step,  the  lower  surface  is  far 
down,  and  the  upper  structural  stage  has  a  maximum  thickness  of  10- 
15  km  (according  to  geological  data).  Finally,  in  the  most  southeast¬ 
erly  shelf,  which  in  the  southwestern  portion  of  the  district  is 
called  the  Karakul'  shelf,  both  surfaces  (and  especially  the  very  low 
one)  rise  to  the  Southeast  to  the  high  step  of  the  Darvaz  range,  where 
they  run  together  (Fig.  131) • 

Summarizing  all  that  we  have  said  about  the  structure  and  histor¬ 
ical  tectonic  movements  of  the  Garm  district,  we  can  distinguish  the 
tectonic  regions,  zones,  and  subzones  shown  on  the  diagram  (Fig.  129), 
which  has  been  drawn  on  the  basis  of  tectonic  observations  alone,  with 
no  resort  to  seismic  data.  We  first  of  all  distinguish  between  the  re¬ 
gions  of  the  alpine  geosyncline  A  and  the  Epihercynian  platform  B, 


which  has  experienced  post-platform  activation  of  movements,  beginning 
in  the  end  of  the  Paleogene.  In  the  geosyncline  region,  we  find  the 
very  intensively  uplifted  Northern  Pamir  and  Darvaz  structures,  and 
the  Pamir  foothills  trough,  experiencing  extreme  subsidence  In  the 
Mesozoic  and  Tertiary.  During  the  Quaternary,  this  depression  was  up¬ 
lifted;  it  still  was  not  uplifted  enough  to  acquire  the  structure  of 
an  antlclinorium  within  the  Oarm  district.  To  the  East,  however,  in 
the  Zaalay  range,  where  Intensive  uplifting  commenced  as  early  as  the 
Neogene,  it  already  had  a  completely  formed  structure  -  that  of  an  in¬ 
verted  antlclinorium.  There,  the  watershed  surface  was  uplifted  to 
7000  m.  In  the  Garm  district,  this  is  still  an  ill-defined  half-in¬ 
verted  antlclinorium,  which  has  the  general  form  of  an  uplift  along 
the  upper  stratigraphic  surfaces,  and  the  form  of  a  depression  along 
the  lower  surfaces. 

In  the  Eplhercynian  portion  of  the  platform  region,  during  the 
Mesozoic  and  in  the  beginning  of  the  Tertiary,  both  subsidences  and 
uplifts  were  less  intensive  than  in  the  geosync line  region.  In  the 
Neogene,  however,  post-platform  activation  of  movements  commenced, 
covering  many  platform  districts  of  Asia  with  Eplhercynian  (Tien-Shan), 
Eplcaledonian  (Sayany),  and  Epiproterozolc  (Zabaykal*)  folded  bases. 

The  ascending  movement  of  the  southern  portion  of  Western  Tlen-Shan, 
inherited  from  the  Hercynian  antlclinorium,  was  greatly  intensified, 
and  led  to  the  formation  of  a  major  dome-block  uplift  with  a  stepped 
southern  limb  extending  only  in  part  within  the  Garm  district.  Depend¬ 
ing  upon  the  relative  uplift  of  the  various  steps,  we  find  three  sub¬ 
zones  in  the  tectonic  zone  of  the  dome -block  uplift.  The  subzone  that 
touches  the  geosync line  border  is  the  least  uplifted.  At  the  end  of 
the  Quaternary,  the  uplifting  ceased  almost  completely  (it  is  absent 
in  many  places  at  which  the  Surkhob  River  has  cut  into  the  Ancient  al- 
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luvia).  In  this  respect,  it  is  somewhat  like  the  advanced  troughs,  es¬ 
pecially  since  this  relative  drop  appeared  only  in  the  Quaternary, 
when  the  ascending  movements  extended  all  the  way  to  the  edge  of  the 
geosyncline,  and  covered  the  Pamir  foothills  trough  zone,  while  the 
Northern  Pamir  uplift  extended  at  the  expense  of  the  adjacent  portion 
of  the  Pamir  foothills  trough. 


Fig.  131.  Basic  diagram  of  preBent- 
day  structure  of  Oarm  district.  1) 

Surkhob  shelf;  2)  Petrovskiy  shelf; 

3)  upper  stage;  4)  lower  stage;  3) 

Karakul'  shelf. 

The  tectonic  faults  shown  on  the  map  of  Fig.  128  have  been  es¬ 
tablished  from  geological  data  alone,  with  no  recourse  to  earthquake 
epicenters.  Depending  upon  which  deformations  in  the  Earth's  crust 
they  are  associated  with,  the  faults  are  divided  into  three  main 
groups.  The  largest  faults,  connected  directly  with  deformations  on 
the  borders  of  very  large  tectonic  regions  and  zones,  produced  not  on¬ 
ly  by  deformations  of  the  Earth's  crust,  but  also  of  the  deeper  mantle, 
are  called  deep  fault  zones.  Three  deep  zones  of  steeply  dipping 
faults  are  distinguished;  the  two  oldest  bordered  on  the  Pamir  foot¬ 
hills  trough  in  the  Paleozoic,  and  might  have  been  renewed,  in  part, 
during  the  Mesozoic  and  Quaternary.  The  southeastern  zone  -  the  Kara¬ 
kul'  zone  —  has  long  been  known  [233-23$].  The  southwestern  zone  was 
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the  first  to  be  Isolated;  It  coincides  with  the  crest  of  the  western 
portion  of  the  Peter  I  range,  and  is  called  the  Petrovskaya  zone.  The 
faults  developed  in  it  do  not  emerge  at  the  surface.  In  places,  the 
directions  of  displacements  in  the  deep  fault  zones  was  changed  at  the 
end  of  the  Tertiary  and  in  the  Quaternary,  owing  to  the  uplifting  of  a 
portion  of  the  Pamir  foothills  trough.  This  occurred  with  a  special 
force  on  the  site  of  the  Peter  I  range,  and  beyond  the  borders  of  the 
Garm  district,  in  the  Zaalay,  Vakhsh,  and  Surkh-ku  ranges.  Owing  to 
the  expansion  of  the  Northern  Pamir  uplift  to  the  North  (in  the  Qua¬ 
ternary)  from  the  former  Karakul'  deep  fault  zone,  that  ordered  it, 
the  new  Karashurinskaya  zone  branched  out,  intersecting  the  Sorbu- 
lakskoye  uplift,  and  partially  assimilating  the  associated  faults.  In 
the  Neogene  and  Quaternary,  a  third  zone  formed  —  the  Surkhob  deep 
fault  zone,  forming  the  northern  border  of  the  least  uplifted,  rela¬ 
tively  depressed  edge  section  of  the  ancient  platform.  During  the  for¬ 
mation  of  the  given  youngest  deep  fault  zone  it  is  possible  that  dur¬ 
ing  this  time  the  hidden  Paleozoic  faults  visible  in  the  western  ex¬ 
tension  of  the  zone  beyond  the  borders  of  the  Garm  district  were  re¬ 
newed. 

In  addition  to  the  deep  fault  zones.  Individual  major  faults  vis¬ 
ible  on  the  surface  were  isolated;  these  faults  are  due  to  relative 
displacements  of  neighboring  tectonic  zones  and  subzones.  Finally,  we 
isolate  the  secondary  faults  within  subzones.  On  the  tectonic  diagram 
of  Fig.  128,  we  have  especially  indicated  the  supposed  deep  faults 
that  border  the  variously  uplifted  portions  of  the  Pamir  foothills 
trough  zone.  Accurate  specification  of  the  locations  of  these  faults 
requires  the  use  of  geophysical  methods.  On  the-  surface,  we  observe 
only  major  flexures  complicated  by  disharmonie  folds. 

All  that  we  have  said  above  with  respect  to  faults  applies  to 


Pig.  132.  Schematic  geological  map  and 
section  through  Khodzha-AliSho.  The  dia¬ 
gram  shows  the  narrow  long  graben  and 
horst  near  the  exposed  surface  of  the 
upthrust  into  the  wall  of  which  Upper 
Jurassic  gypsums  have  penetrated,  l) 
Quaternary  conglomerates;  2)  Pliocene 
loose  sandstones;  3)  Lower  Cretaceous 
red  sandstones;  4)  Upper  Jurassic  gyp¬ 
sums;  5)  Paleozoic  magmatic  rock;  6; 
tectonic  faults  (a  -  reliably  estab¬ 
lished;  b  -  supposed);  7)  scarps;  8)  re¬ 
lief  contours.  A)  Vakhsh  River;  B)  Khod¬ 
zha-AliSho. 


fractures  that  are  longitudinal  with  respect  to  the  tectonic  zones.  In 
the  Oarm  district,  they  are  extremely  common.  In  addition,  however,  we 
also  find  here  transverse  faults  that  are  less  important.  The  trans¬ 
verse  faults,  as  Fig.  128  shows,  intersect  the  longitudinal  faults  be¬ 
longing  to  the  young  Surkhob  fault  zone.  In  addition,  they  noticeably 
distort  the  Lower  Quaternary  base  surface.'  It  is  thus  clear  that  in 
the  Quaternary,  the  transverse  faults  grew. 


The  block  alpine  tectonics  of  the  Qarm  district  are  not  unique,  as 
It  also  Is  characteristic  of  all  of  Tien-Shan  [248,  230].  Its  Impor¬ 
tance  in  Paleozoic  tectonics  is  clear  in  Northwestern  Tien -Shan  [251]. 
As  we  find  it  in  the  extremely  dislocated  northeastern  comer  of  the 
Tadzhik  depression,  which  is  in  a  geosyncline,  we  have  every  reason 
for  assuming  that  the  tectonics  of  the  interior  platform  region  of  the 
depression  are  based  upon  the  same  relative  displacements  of  weakly  de¬ 
formed  blocks.  In  his  studies,  V.V.  Belousov  has  concentrated  on  the 
very  large  distribution  of  this  type  of  deformation  in  the  Earth's 
trust  in  China,  the  Alps,  and  other  territories  [252,  253]. 

Block  tectonics  are  characteristic  not  only  for  the  Neogene  and 
Quaternary,  when  the  present-day  relief  was  created,  anci  the  present- 
day  structure  was  determined  to  a  considerable  degree.  Block-type  tec¬ 
tonic  movements  constantly  appeared  in  South  Central  Asia,  and  in 
other  regions,  and  as  a  result  the  Earth's  crust  can  be  separated  into 
numerous  well-defined  elementary  tectonic  zones  [254],  or  as  we  now 
frequently  say,  structural -facial  zones,  whose  individual  features  are 
traced  over  a  long  stretch  of  geological  time. 

§3.  MECHANISM  FORMING  ALPINE  STKUCTOEE  '  ' 

It  seems  to  us  that  the  chief  factor  in  the  mechanism  forming  the 
structure  characterized  above  is  the  vertical  shifting  of  individual 
plastic  blocks  of  the  Earth's  crust,  bordered  by  tectonic  faults, 
many  of  which  run  through  the  entire  crust  of  the  Earth.  The  contours 
of  the  blocks  were  basically  determined  as  long  ago  as  the  Paleozoic. 
Structural  Results  of  Changes  in  Direction  of  Motion  of.  Tectonic  Zones 
The  direction  of  displacement  along  fault*  did  not  remain  the 
same  in  all  places  during  the  Mesozoic  and  Cenozolc.  During  the  Neo- 
gene  and  ‘Quaternary,  owing  to  the  variation  in  direction  of  motion  of 
the  Pamir  foothills  trough  zone,  and  owing  to  the  faot  that  subzones 


B-I-c  and  B-I-b  (Fig.  128)  ( Kabudkrym  anticline)  did  not  participate 
in  the  uplifting  of  the  adjacent  subzones,  the  sign  of  movement  along 
the  faults  surrounding  these  blocks  must  be  reversed.  At  this  time, 
there  also  appeared  new  additional  faults,  among  which  there  were  many 
transverse  fractures. 


Besides  the  very  clear  manifestations  of  a  change  in  direction 
with  respect  to  displacements  of  adjacent  blocks  that  we  have  men¬ 
tioned,  established  on  the  basis  of  an  analysis  of  the  general  struc¬ 
ture  and  movement  history  of  the  tectonic  zones,  there  are  many  other 
structural  features  that  indicate  a  change  in  direction  of  relative 
displacement  of  neighboring  blocks. 

1.  In  the  Northwest,  along  the  border  of  subzones  B-I-a  and  B-I- 
b,  cutting  the  Kabudkrym  anticline  from  the  Northwest,  there  is  a 
fault  zone  within  which  narrow  long  graben  are  clearly  visible  at  two 
points;  they  are  formed  in  the  Cretaceous  rock  (Fig.  118).  The  3ame 
narrow  grabens  formed  in  Tertiary  beds  stretched  to  the  Southwest  of 
the  district  along  the  Vakhsh  River  valley  along  the  border  of  the 
ancient  platform  and  the  Pamir  foothills  trough  (Fig.  132).  These  gra¬ 
bens  do  not  seem  to  us  to  be  independent  tectonic  zones  or  subzones  on 
the  same  footing  as  those  shown  in  Fig.  128.  In  these  graben,  we  see 
the  results  of  a  change  in  direction  of  relative  displacement  of  two 
neighboring  zones  or  subzones.  Initially,  a  relative  uplift  of  one 
zone  led  to  the  appearance  of  faults  on  one  border  of  the  graben-to- 
be,  and  then  a  more  rapid  uplift  of  the  other  zone  caused  the  forma¬ 
tion  of  faults  whose  limbs  had  a  relative  diB’plauoment  In  the  opposite 
direction. 

2.  In  like  manner,  narrow  horsts,  wedge-shaped  in  plan,  appear  on 
the  borders*  of  two  neighboring  tectonic  zones  for  which  the  direction 
of  rel&tlvl' limb  displacement  remains  unchanged.  One  such,  horst  in 
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Fig*  133*  Diagram  of  structural  complications  ap¬ 
pearing  on  border  of  two  tectonic  zones  when  the 
direction  of  their  relative  displacement  changes, 
a)  Narrow  long  graben;  b)  narrow  long  horst;  c) 
conformable  upthrust;  d)  group  of  line  folds.  I) 
First  stage  of  deformation  —  subsidence  of  left- 
hand  tectonic  zone;  II)  second  stage  of  deforma¬ 
tion  -  relative  uplift  of  left-hand  zone.  Above 
are  examples  of  a  long  narrow  horst,  conformable 
upthrusts,  and  line  folds. 


Permian  limestones  among  Neogene  conglomerates  Is  found  in  the  north¬ 
western  border  of  the  Northern  Pamir  and  Darvaz  uplift  (Figs.  118  and 
120). 

The  appearance  of  separate  new  faults  when  relative  zone  dis¬ 
placement  direction  changes,  while  there  is  no  change  in  the  direction 
of  motion  along  the  old  fault  is  explained  by  the  fact  that  all  major 
f  faults  are  upthrusts  sloping  toward  the  relative  uplift  of  the  limb. 

With  a  change  in  direction  of  the  relative  displacement  of  neighboring 

tectonic  zones,  for  the  faults  to  continue  to  fall  on  the  side  of  the 

'  - 


ascending  limbs,  it  would  be  necessary  for  new  slips  to  appear.  When 
the  old  faults  are  used,  this  condition  will  not  be  satisfied  (Pig. 
133b). 

3.  Where  there  are  major  flexures  (of  the  type  separating  the 
Pamir  foothills  trough  zone  from  the  platform)  that  have  appeared  as 
the  result  of  a  Velative  subsidence  of  their  lower  limbs,  upthrusts 
may  be  found  along  which  the  lower  limbs  of  the  flexures  are  uplifted 
relatively.  Thus  there  is,  for  example,  the  Yafuchskiy  fault,  found  in 
the  lower  reaches  of  the  Obikhingou  River  (Pig.  122,  VI-Vl).  There  are 
especially  many  such  faults  near  the  western  border  of  the  Garm  dis¬ 
trict,  and  from  this  point  they  run  along  the  Vakhsh  River  to  the 
Southwest.  The  existence  of  flexures  far  antedating  these  upthrusts 
indicates  that  there  were  variations  in  the  thickness  of  Mesozoic  de¬ 
posits  (Pig.  133c,  d). 

Symptoms  of  Weak  Additional  Horizontal  Compression 

The  formation  of  blocks  and  their  vertical  displacements  evi¬ 
dently  occur  under  the  action  of  vertical  forces,  but  in  the  presence 
of  some  horizontal  compression,  which  determined  the  uniform  linear 
extension  of  all  zones,  and  the  upthrust  nature  of  the  majority  of 
faults  observed. 

Our  attention  is  caught  by  the  endurance  of  the  echelon  arrange¬ 
ment  of  young  faults  and  folds  dating  back  to  the  Neogene  and  Quater¬ 
nary.  The  same  type  of  echelon  formation  occurs  in  many  other  dis¬ 
tricts  of  Southwestern  Tlen-Shan  and,  undoubtedly,  reflects  some  gen¬ 
eral  feature  of  the  latest  deformations  in  a  considerable  portion  of 
the  Earth’s  crust.  Evidently,  there  is  an  additional  general  horizon¬ 
tal  compression  directed  obliquely  to  the  trend  of  the  teetonie  zones, 
owing  to  which,  an  element  of  simple  shear  deformation  appeared  in  the 
zones  In  the  horizontal  plane.  Judging  from  the  shape  of  the  echelon- 


type  arrangement  of  the  main  faults,  this  must  have  teen  a  left-hand 
shear,  l.e. ,  each  zone  further  to  the  Southeast  was  displaced  rela¬ 
tively  at  the  time  the  faults  were  being  produced,  to  the  Southeast; 
it  is  possible  that  this  displacement  continues  to  the  present  day. 
Thus,  the  additional  horizontal  depression  of  tectonic  zones  having  a 
southeasterly  trend  should  lie  very  nearly  in  a  North-South  direction. 

The  Paleozoic  base  of  the  Garm  district  deformed  and  faulted  as  a 
plastic,  rather  than  as  a  brittle,  body  under  the  action  of  vertical 
forces  in  the  presence  of  a  weak  horizontal  compression.  Judging  from 
the  existence  of  curvature  in  the  Paleozoic -Mesozoic  contact  surface, 
and  the  surface  of  the  Lower  Quaternary  relief,  the  Earth's  crust  ex¬ 
perienced  additional  plastic  deformations.  At  places  in  which  the  de¬ 
formation  occurred  with  maximum  speed,  these  stresses  proved  to  be 
very  large,  and  thus  faults  were  formed  here.  In  speaking  of  blocks 
within  Paleozoic  rock,  we  do  not  consider  them  to  be  absolutely  rigid, 
but  to  be  plastic  portions  of  the  crust,  possessing  a  somewhat  greater 
viscosity  than  the  Mesozoic  and  Tertiary  sedimentary  rock.  The  mechan¬ 
ical  properties  of  the  Lower  and  Middle  Paleozoic,  which  is  Intensely 
dislocated,  metamorphized,  penetrated  by  Intrusions  of  granitoids,  and 
located  in  the  northwestern  half  of  the  district,  should  differ  from 
the  properties  of  the  less  metamorphized,  weakly  dislocated  Upper 
Paleozoic  rock,  penetrated  by  fewer  Intrusions,  deposited  below  the 
Mesozoic  and  the  Pamir  foothills  trough  zone. 

Fold  Formation  Mechanism 

The  folded  structure  of  the  Mesozoic  and  Tertiary  sedimentary- 
rock  cover  is  thought  by  us  not  to  be  caused  by  general  horizontal 
compression,  as  is  frequently  supposed,  but  by  vertical  movements  of 
blocks  of  the  Paleozoic  base.  Additional  horizontal  weak  compression 
forces,  such  as  those  mentioned  above  probably  act  only  in  the  Paleo- 


zoic  base.  The  main  deformations  in  the  sedimentary  cover  directly  re¬ 
peat,  basically,  the  vertical  motion  of  base  blocks.  This  type  of  de¬ 
formation  is  called  a  transverse  fold. 

Crumpling  of  the  layers  occurs  only  in  places  in  the  sedimentary 
cover  under  the  action  of  the  compression  forces  acting  parallel,  or 
nearly  parallel  to  the  beds.  This  crumpling  reaches  its  greatest  de¬ 
velopment  along  the  boundary  of  the  Pamir  foothills  trough  zone  and 
the  platform.  Here  the  formation  of  folds  coincided  in  time  with  the 
beginning  of  an  intensive  uplift  of  the  limb  of  a  large  flexure, 
bounding  the  trough,  which  had  subsided  greatly  prior  to  this.  The  up¬ 
lifting  of  the  trough  zone  led  to  a  decrease  in  the  length  of  the 
crumpling  limb  of  the  flexure.  Isoclinal  and  fan-shaped  disharmonic 
folds  (Pigs.  119,  120,  124,  and  133c)  are  considered  by  us  to  be  a 
consequence  of  this  contraction.  Such  a  mechanism  has  also  been  pro¬ 
posed  to  explain  certain  folds  in  Southern  Fergana  [230]. 

Small  folds  occurred  with  the  appearance  of  considerable  Inhomo¬ 
geneity  in  the  stressed  state  in  stratified  series  experiencing  the 
deformations  mentioned  above.  Argillaceous,  marl,  and,  in  particular, 
gypsum  seams  were  easily  squeezed  out  of  places  at  which  there  was 
severe  compression  on  all  sides,  and  were  forced  to  points  of  less 
compression.  There,  small  disharmonic  folds  were  formed,  and  gypsums 
were  even  introduced  within  walls  of  tectonic  faults.  Examples  of  the 
introduction  of  Upper  Jurassic  gypsums  into  fault  zones  are  shown  in 
Pigs.  130  and  132. 

Materials  from  the  literature  and  our  field  observations  indicate 
that  consideration  of  the  folded  structure  as  a  complex  of  genetically 
different  but  at  the  same  time  Interdependent  folds  and  faults  might 
be  extended  from  the  very  indicative  Oarm  district,  the  scene  of  our 
studies,  to  the  territories  surrounding  it.  The  direct  repetition  In 
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the  Mesozoic  and  Tertiary  beds  of  the  displacements  and  deformations 
that  had  been  experienced  by  the  surface  of  the  Paleozoic  base  is  the 
first  and  chief  type  of  fold  formation.  This  is  revealed  clearly  not 
only  in  the  Garm  district,  but  also  throughout  the  area  of  the  Gissar 
range  [231],  and  in  the  Kugltang  range.  We  assume  that  the  same  phe- 
nomenon  exists  in  the  group  of  less  deeply  cut  fault  exposures  be¬ 
tween  the  Surkhan-Dar 'ya  River  and  the  Yavanskaya  valley  in  the  Tad¬ 
zhik  depression  [232].  The  same  layer  folding  can  be  noticed  in  the 
southeastern  portion  of  the  Tadzhik  depression. 

The  folds  of  the  second  important  genetic  variety  extend  to  the 
Southwest  in  the  Bakhsh  and  Surkh-ku  ranges:  they  are  dlsharmonic 
crumblings  and  folds  in  the  beds  on  the  borders  of  tectonic  zones 
(blocks)  that  move  differently,  of  the  type  studied  by  us  on  the  crest 
of  the  western  portion  of  the  Peter  I  range.  Further  on,  this  group  of 
folds  branches  into  several  groups  running  along  a  group  of  borders 
between  major  and  minor  blocks  in  the  eastern  half  of  the  Tadzhik  de¬ 
pression,  and  to  the  southern  border  of  the  Gissar  tectonic  valley.  As 
a  rule,  the  groups  of  folds  associated  with  the  edges  of  separate 
blocks  form  raised  ranges  or  ridges  in  the  relief.  Sharp  fractures  of 
fault  boundaries  of  neighboring  blocks  cause  the  uplifts  to  appear 
with  unexpectedly  sharp  turns  in  the  fault  trends.  The  distinctive 
confluence  of  folds  having  three  directions  in  the  Tutkaul'skiy  Junc¬ 
tion  can  be  explained  by  the  fact  that  the  arrangement  of  the  dlshar¬ 
monic  folds  is  caused  by  faults  that  are  not  visible  on  the  surface, 
and  that  lie  deep  within  the  Paleozoic  or  even  lower  base. 

Folds  of  the  third  type,  created  by  flowage  of  material  from  the 
most  "viscous"  layers  and  even  by  its  introduction  into  the  walls  of 
various  faults,  may  be  examined  at  many  places.  They  are  most  devel¬ 
oped  where  the  folds  of  the  preceding  types  reach  maximum  development. 


In  each  section,  the  presence  of  one  predominant  direction  of  in¬ 
clination  of  the  folds  and  the  faults  directly  responsible  for  them 
can  be  compared  with  the  direction  of  relative  displacement  of  the 
neighboring  tectonic  zones  (blocks).  In  the  Garm  district,  in  the 
border  group  of  folds  in  the  Peter  I  range,  overturning  and  upthrust - 
ing  along  steep  upthrusts  toward  the  3ide  of  the  zone  slowly  ascending 
during  fold  formation  predominate.  The  same  relationship  is  also  clear 
to  the  Southwest  of  the  district  in  the  Vakhsh  and  Surkh-ku  ranges. 
Thus,  the  movement,  standard  in  many  districts,  from  the  former  de¬ 
pression,  which  later  begins  Intensive  uplifting,  can  be  seen  also  in 
the  western  portion  of  the  Tadzhik  depression.  Major  folds,  belonging 
to  the  first  of  the  types  enumerated,  and  forming  the  Kugitang,  Bay- 
sun  tau,  Baba tag,  and  other  ranges,  move  up  along  steep  faults  toward 
the  less  mobile  central  portion  of  the  depression  with  the  lowest  base 
[246].  In  like  manner,  from  the  more  mobile  eastern  portion  of  the  de¬ 
pression,  the  folds  move  toward  the  central  low-mobility  section.  Thus 
it  is  possible  to  explain  the  divergence  of  the  folds  in  the  Tadzhik 
depression,  without  resorting  to  the  common  notion  of  horizontal  pres¬ 
sure  on  the  young  depression  sediments  from  Pamir  [255].  A  simplifica¬ 
tion  in  the  fold  structure  of  the  sedimentary  cover  of  the  depression 
directed  toward  Pamir  is  characteristic  not  only  of  the  Garm  district. 
This  general  law  indicates  that  the  sedimentary  cover  has  not  experi¬ 
enced  horizontal  compression  from  the  Pamir  direction  at  every  point. 
Formation  of  Transverse  Faults 

The  appearance  of  transverse  faults  in  the  Garm  district  is  ex¬ 
plained  by  the  fact  that  it  is  located  in  a  transition  area  from  a 
less  uplifted  portion  of  the  Pamir  foothills  trough  zone  (to  the 
Southwest  of  the  Obikhingou  River  valley)  to  a  more  uplifted  section 
(the  Peter  I  ami  Zaalay  ranges).  In  the  Garm  district,  the  crust  of 
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the  Earth  has  folded  from  the  Southwest  to  the  Northeast;  this  was  ac¬ 
companied  by  the  formation  of  transverse  faults.  Since  such  deforma¬ 
tion  developed  only  in  the  Quaternary,  the  transverse  faults  associ¬ 
ated  with  it  are  younger  than  the  lower  longitudinal  fractures,  and 
appear  less  well -developed  in  the  district  structure.  .The  law  of  re¬ 
placement  of  longitudinal  faults  by  younger  transverse  faults  was 
studied  on  models  [256]. 

Form  of  Tectonic  Zones 

Finally,  let  us  concentrate  our  attention  on  the  fact  that  dur¬ 
ing  the  Mesozoic  and  Cenozolc,  the  Pamir  foothills  trough,  separating 
the  Pamir  uplift  from  the  Tien-Shan  uplifts  did  not  experience,  within 
the  Garm  district,  any  contraction  of  its  width  from  North  to  South. 
Consequently,  the  Pamir  portion  of  the  Earth's  crust  experienced  no 
great  displacements  to  the  North,  and  did  not  pinch  the  Tadzhik  de¬ 
pression  zone  between  itself  and  the  Tien-Shan  uplift.  This  means  that 
the  curvature  and  complexity  of  shape  of  the  Pamir  and  Tadzhik  depres¬ 
sion  tectonic  zones  in  plan  should  be  considered  to  be  primary  fea¬ 
tures,  rather  than  consequences  of  the  deformation  of  the  Earth's 
crust  in  later  times  [232].  All  zones  are  found  in  their  initial  po¬ 
sitions,  and  have  not  experienced  major  displacements  horizontally. 
Thus,  we  consider  false  one  of  the  most  common  explanations  of  the 
structure  of  South  Central  Asia  in  terms  of  horizontal  pressure  from 
the  "Punjab  wedge"  (an  angle  of  the  Indian  platform)  on  the  Himalayan - 
Pamir  alpine  geosyncline,  which  is  supposedly  squeezed  as  a  result 
against  the  Tien-Shan  platform.  We  think  a  more  correct  notion  of  the 
leading  role  of  vertical  movements  in  the  formation  of  the  Central 
Asia  structure  is  that  developed  long  ago  by  V.  I.  Popov  [228]. 
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Chapter  9 

SEISMICITY  OP  A  DISTRICT  AND  COMPARISON  WITH  TECTONICS 

The  concept  of  seismicity  comprehends  both  the  focal  activity  of 
earthquakes,  and  the  manifestation  of  such  activity  upon  the  surface 
of  the  earth. 

In  this  connection,  there  are  two  types  of  data  bearing  upon  sels- 
miclty.  The  first  type  includes  information  gathered  with  and  without 
the  aid  of  instruments,  through  modern  and  historical  reports  as  to 
earthquake  foci,  territorial  distribution,  depths,  times  of  appearance 
and  energy;  these  data  may  be  represented  both  directly  and  in  general¬ 
ized  form  by  specification  of  the  seismic -regime  parameters,  espe¬ 
cially  the  seismic  activity  A  and  the  parameter  y  for  the  decrease  in 
recurrence  [frequency]  with  Increasing  earthquake  energy.  Second, 
seismicity  is  determined  by  the  characteristics  of  ground  movement 
during  earthquakes:  modern  and  historical  reports  obtained  with  the 
aid  of  instruments  and  through  macroseismlc  observations. 

Information  belonging  to  the  region  lying  between  the  two  men¬ 
tioned  serves  to  characterize  seismicity  also;  this  region  comprehends 
the  transmission  of  seismic  vibrations  from  the  focus  to  the  ground 
surface.  In  this  area,  we  have  information  on  the  attenuation  of  en¬ 
ergy  and  variation  in  the  frequency  composition  of  seismic  waves  along 
their  propagation  path  from  the  focus  to  the  site  on  the  earth's  sur¬ 
face  under  consideration,  as  well  as  data  on  the  effect  of  the  upper 
layers  of  the  earth,  and  in  particular  of  soil  conditions,  upon  ground 
vibrations. 
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The  preceding  chapters  have  given  much  information  on  the  seis¬ 
micity  of  the  district  being  investigated  (including  the  Oarm  and 
Stallnabad  districts).  The  data  given  below  relate  chiefly  to  the  spa¬ 
tial  distribution  of  seismicity;  maps  of  earthquake  epicenters  and 
seismic  activity  are  presented  and  discussed.  These  seismic  data  are 
then  compared  with  geological  data  relating  to  the  tectonic  structure 
of  the  district,  and  with  information  on  tectonic  movements  of  the 
earth's  crust. 

51.  EPICENTER  MAP 

Earthquake -epicenter  maps  are  compiled  from  Instrument  data,  as 
well  as  on  the  basis  of  isoselsmal  maps  of  strong  earthquakes,  obtained 
from  macroseismic  observations.  The  epicenter  maps  are  used  as  the 
basis  for  comparison  of  seismic  and  geological  data,  for  studying  the 
connection  between  weak  and  strong  earthquakes,  and  to  solve  many 
other  problems.  The  same  maps  are  presently  in  use  as  the  basis  for 
maps  of  seismic  districts,  which  represent  the  territorial  distribution 
of  possible  shock  strength.  The  latter  are  widely  used  in  connection 
with  the  standards  for  construction  in  seismic  districts  (SN-8-57  [237]) 
in  the  design  and  construction  of  buildings.  Naturally,  the  quality  of 
the  epicenter  maps  determines  to  a  considerable  degree  the  reliability 
of  all  conclusions  based  upon  them. 

Epicenter  maps  taking  the  form  of  a  discrete  set  of  points  are 
not  the  best  way  of  representing  the  spatial  distribution  of  seismicity. 
The  inadequacy  of  such  a  representation  is  especially  manifest  in  those 
extreme  cases  in  which  the  epicenters  are  small  and  are  scattered  over 
a  large  area  with  no  apparent  relationship,  or  where  they  are  so  nu¬ 
merous  as  to  form  a  solid  block,  in  which  the  individual  epicenters 
cannot  be  distinguished  [227].  Xt  la  impossible  to  draw  quantitative 
conclusions  as  to  the  relative  seismic  activity  of  different  districts 
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on  the  basis  of  epicenter  maps.  In  this  connection,  recent  years  have 
seen  efforts  to  go  over  from  maps  of  discrete  epicenters  to  maps  repre¬ 
senting  continuous  quantities  in  the  form  of  isolines:  seismic -activity 
density,  developing  in  a  specified  period  of  time  [217,  219,  220,  221], 
or  epicenter  distribution  density  [11].  A  further  development  in  this 
direction  Is  represented  by  the  seismic -activity  maps  proposed  by 
Yu.V.  Riznichenko  in  connection  with  studies  carried  out  by  this  ex¬ 
pedition  (see  Chapter  7)>  Such  maps  reflect  simultaneously  both  the 
spatial  distribution  of  the  epicenters  and  the  frequency  of  earth¬ 
quakes  of  various  intensities,  including  destructive  earthquakes,  which 
considerably  expands  the  possible  field  of  practical  application  for 
these  maps. 

Methods  of  Plotting  Epicenter  Maps 

Chapter  3  gives  the  method  of  determining  epicenters  and  focal 
depths  used  to  plot  such  a  map,  together  with  an  estimate  of  accuracy, 
while  the  method  of  determining  earthquake  energy  is  discussed  in  Chap¬ 
ter  4.  The  basic  materials  for  the  epicenter  map  were  the  catalogs  and 
bulletins  of  earthquakes  compiled  systematically  by  the  expedition  for 
all  earthquakes  observed  commencing  with  the  K  =  5  energy  class,  and 
including  all  earthquakes  of  higher  classes.  According  to  the  accuracy 
with  which  the  focal  coordinates  were  determined,  the  earthquakes  were 
divided  into  classes  A,  B,  C,  and  unclassified.  Class  A  Included  earth¬ 
quakes  whose  coordinates  (including  depth)  were  determined  to  within 
+1-2  km,  class  B  corresponded  to  +3-5  Km,  class  C,  to  +10  km.  Unclass¬ 
ified  earthquakes  included  those  for  which  it  was  not  possible  to  de¬ 
termine  the  depth,  while  the  accuracy  of  epicenter-coordinate  deter¬ 
mination  amounted  to  +25  km* 

To  compile  a  summary  epicenter  amp  for  the  Qarm  and  Stalinabad 
districts,  it  was  necessary  to  choose  a  sufficiently  representative 


earthquake  energy  class  commencing  with  which  the  effect  of  station 
arrangement  would  have  no  effect  upon  the  distribution  of  the  eplcen- 
ters  noted.  An  analysis  of  registration  conditions  for  earthquakes  In 
the  lower  energy  classes  for  these  districts  has  shown  that  for  the 
entire  region  studied,  the  K  =*  7  class  was  quite  representative.  It  is 
*  possible  to  neglect  these  earthquakes  only  at  the  edges  of  the  Stallna- 
bad  district  and  in  the  Obi-Garra  district,  where  the  basic  mass  of 
such  earthquakes  was  recorded  with  complete  reliability.  This  may  even 
be  seen  from  the  recurrence  graphs  (Chapter  7»  Pigs.  103-107). 

Limited  use  may  be  made  of  recorded  earthquakes  of  lower  classes. 
Thus,  K  =  5  earthquakes  in  the  Garm  district  and  K  -  6  earthquakes  In 
the  Stallnabad  district  may  be  used  for  plotting  epicenter  graphs  for 
sections  that  do  not  extend  beyond  the  registration-range  limits  for 
the  corresponding  class  (Fig.  134). 


Fig.  134.  Registration-range  diagram  for  earth' 
makes  in  the  lower  energy  classes  (K  *  2-6). 
The  dashed  line  indicates  the  region  for  which 
epicenters  are  determined  with  class  A  accu¬ 
racy;  the  dash-dot  line,  with  class  B  accuracy. 
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K  =  4  and  K  <*  3  earthquakes  are  recorded  by  two- three  stations, 
which  is  inadequate  for  reliable  determination  of  the  focal  coordi¬ 
nates.  Nonetheless,  they  may  be  used  to  characterize  the  seismic  re¬ 
gime  of  small  sections  immediately  adjacent  to  the  stations,  where  the 
accurate  position  of  the  earthquake  focus  may  not  be  known. 

As  we  have  repeatedly  stated,  earthquake-observation  conditions 
were  more  complex  in  the  Stallnabad  district  than  in  the  Garm  district: 

•  the  Stallnabad  district  is  less  seismic,  the  station  system  was 

stretched  thinner  in  this  case,  instrument  sensitivity  was  lower  due 
to  high  interference.  In  this  connection,  we  give  a  more  detailed  de¬ 
scription  of  the  observation  conditions  for  this  district. 

The  basic  material  used  in  compiling  the  epicenter  map  for  the 
Stallnabad  district  was  obtained  at  the  Karasu,  Gissar,  Khorongon,  and 
Kon-Dora  field  stations.  The  general-purpose  stations  at  Stallnabad, 
Obi-Garm,  and  Kulyab,  could  be  used  only  to  handle  strong  earthquakes, 
due  to  the  relatively  low  sensitivity  of  the  general -purpose  seismic  \ 

equipment  (SGK  and  SVK  seismographs),  and  the  low  scanning  rate:  30 
mm/mln  and  60  mm/m  in. 

The  seismic-station  system  of  the  Stallnabad  detachment  of  the 
expedition  provided  a  determination  of  the  coordinates  for  all  earth¬ 
quake  epicenters  of  the  Greater  Stallnabad  district  (see  Chapter  7, 

Fig.  113),  beginning  with  energy  class  8.  The  coordinates  of  all  weak 
earthquakes  of  K  -  6  and  7  were  determined  only  in  part.  They  were  de¬ 
termined  more  completely  for  the  Lesser  Stallnabad  district  (see  Fig. 

113)*  It  was  nearly  Impossible  to  determine  the  coordinates  of  class  5 
earthquakes  owing  to  the  lack  of  simultaneous  records  at  three  stations 
for  such  weak  shocks.  The  percentage  of  such  weak  earthquakes  that 
were  recorded  by  Just  a  single  station  was  quite  large.  Thus,  for  ex¬ 
ample,  in  1955/  the  Karasu  station  recorded  71  earthquakes  with 
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( t  -  t)  from  0.5  sec  to  2.0  sec,  but  coordinates  could  be  determined 

s  p 

for  Just  the  six  strongest  earthquakes  of  this  group.  In  the  20  months 
of  observations  covering  January  1955  to  August  1956,  the  coordinates 
of  179  earthquakes  were  determined. 

In  1956,  the  strong  K  =  13  earthquake  north  of  Nurek  was  recorded 
in  the  Stalinabad  district  (22  September  at  15:5*1  hr).  This  earthquake 
was  accompanied  by  a  large  number  of  aftershocks  which  continued  in 
large  numbers  into  1957*  In  describing  the  seismic  activity  for  the 
1955-1956  period,  we  did  not  spend  much  time  in  analyzing  these  after¬ 
shocks.  The  basic  shock  of  the  Norek  earthquake  was  taken  into  account 
in  compiling  the  epicenter  maps. 

Focal -coordinate  determinations  in  the  Stalinabad  district  are 
far  less  reliable  than  similar  determinations  for  the  Qarm  district: 
the  basic  group  (121  earthquakes)  had  epicenters  located  with  classes 
B  and  C  accuracy.  More  reliable  coordinate  determinations  were  made 
for  earthquake  foci  located  in  direct  proximity  to  one  of  the  seismic 
stations,  as  well  as  within  the  Kon-Dora-Karasu-Gissar  triangle,  al¬ 
though  it  must  be  said  that  even  in  these  cases  it  was  frequency  im¬ 
possible  to  obtain  class  A  accuracy  (±1-2  km).  Epicenter  coordinate 
determination  reliability  naturally  dropped  off  sharply  with  distance 
from  the  basic  station  network. 

Thus,  in  compiling  the  summary  earthquake -epicenter  map  for  the 
entire  region  studied  by  the  expedition,  including  the  Garm  and  Stal¬ 
inabad  districts,  specific  difficulties  were  encountered  associated 
with  the  somewhat  lower  accuracy  and  less  detailed  observations  avail¬ 
able  for  the  Stalinabad  district. 

The  summary  epicenter  map  for  the  entire  region  studied,  covering 
the  1955-1956  period  (71g.  135)  was  constructed  from  earthquakes  in 
the  K  -  7-13  energy  classes.  Bpleenters  for  K  -  7  and  K  -  8  earthquakes 
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are  combined  and  indicated  by  a  common  symbol  on  the  map.  Focal  depths 
are  classified  on  the  map  into  the  following  ranges:  0-7,  8-12,  13-18, 
19-25  km.  To  avoid  complicating  this  map  unnecessarily,  information  as 
to  the  accuracy  of  focal  determination  is  plotted  on  Fig.  134,  where 
the  dashed  lines  Indicate  regions  within  which  the  determinations  cor¬ 
responded  chiefly  to  the  A  and  B  precision  classes;  earthquakes  in 
most  of  the  extreme  regions  fell  into  class  C  or  were  unclassified. 
General  Characterization  of  Summary  Epicenter  Chart 

The  epicenters  are  distributed  extremely  nonuniformly  within  the 
entire  region  of  study.  The  Northeastern  section  of  the  district,  the 
southern  slopes  of  the  Gissar  mountain  complex,  the  Peter  I  range,  and 
the  valley  of  the  Obikhingou  River,  in  its  middle  and  lower  reaches, 
including  the  zone  of  the  Karakul'  fault,  represents  a  zone  of  maximum 
epicenter  density  for  all  energy  classes.  In  the  Western  section  of 
the  Alayskiy  Range,  there  is  also  a  zone  in  which  epicenters  are  con¬ 
centrated.  The  focal  density  drops  off  gradually  toward  the  West,  and 
reaches  a  minimum  at  the  meridian  of  69°30'.  Still  further  to  the  West 
in  the  districts  surrounding  the  city  of  Stalinabad,  within  the  Gissar 
Valley  and  its  northern  and  southern  offshoots  -  it  [balance  of  para¬ 
graph  omitted  in  original]. 

The  northwestern,  southwestern,  and  southeastern  portions  of  the 
district  are  relatively  inactive.  Only  Isolated  earthquakes  are  ob¬ 
served  here.  To  the  south  of  the  Karakul'  fault,  there  are  almost  no 
earthquakes,  with  the  exception  of  several  earthquakes  in  the  Sangvor 
district. 

Between  the  Vakhsh  and  Pyankzh  Rivers,  the  epicenters  are  concen¬ 
trated  along  the  valley  of  the  Vakhsh  River,  the  northwest  slopes  of 
the  Vakhsh  Ridge,  and  the  southwest  spurs  of  the  Darvasa  range.  The 
central  region  of  the  area  between  the  rivers  shows  only  Isolated  foci. 
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The  epicenter  strip  in  the  Vakhsh  River  valley  in  the  Obi -Garni 
district  turns  to  the  West,  and  combines  with  the  seismic  district  sur¬ 
rounding  the  city  of  Stalinabad.  Further  to  the  West,  beyond  Stalina- 
bad,  the  epicenters  stretch  out  to  form  a  narrow  band  along  the  north¬ 
ern  rim  of  the  Tadzhik  depression  extending  to  Karatag.  Isolated  epi¬ 
centers  are  observed  along  the  valleys  of  the  Vakhsh  and  Kaflmigan 
Rivers  in  their  lower  reaches. 

The  overwhelming  majority  of  earthquake  foci  in  the  Garm  district 
are  located  at  depths  of  0-10  km.  To  the  west,  in  the  lower  reaches  of 
the  Obi-Khingou  River,  and  the  upper  portion  of  the  Vakhsh  River,  the 
focal  depths  are  found  to  extend  to  20  or  more  kilometers.  Relatively 
great  depths  of  15-20  km  are  also  characteristic  of  the  Obl-Garm  seis¬ 
mic  region.  We  note  that  in  connection  with  the  extended  nature  of  the 
Obl-Garm  section  it  is  not  possible  to  make  reliable  determinations  of 
depths  for  this  section  from  the  Garm  and  Stalinabad  station  systems. 

In  the  Stalinabad  district,  the  distribution  of  depths  varies  more, 
but  depths  of  10-20  km  are  encountered  for  the  most  part.  Thus,  within 
the  entire  district  studied,  an  over-all  increase  in  focal  depth  from 
east  to  west  may  be  noted. 

Compilation  of  Epicenter  Maps  for  1955  and  1956 

In  addition  to  the  summary  epicenter  chart  for  the  1955-1956 
period,  which  we  have  discussed,  epicenter  maps  were  compiled  sepa¬ 
rately  for  1955  and  far  1956  (Figs.  136  and  137),  showing  epicenters 
for  earthquakes  in  the  9-13  energy  classes.  These  maps  give  some  qual¬ 
itative  idea  as  to  the  spatial  variation  in  activity  with  time  over 
the  district  studied. 

It  may  be  seen  that  for  1955  the  seismic  activity  of  the  Garm  dis¬ 
trict  and  the  districts  adjoining  it  on  the  West  was  quite  uniform 
(Fig.  136).  Here  the  strips  on  the  map  indicating  earthquake -epicenter 
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groupings  agree  well  with  the  over-all  tectonic  structure  of  the  dis¬ 
trict.  About  the  39°  parallel,  there  is  a  strip  of  foci  lying  almost 
directly  East-West,  with  the  eastern  portion  coinciding  with  the  South 
Gissar  zone,  and  extending  in  the  west  to  the  Obl-Garm  meridian.  An¬ 
other  strip,  located  almost  exactly  along  the  axial  section  of  the 
Peter  1  range  and  the  Vakhsh  Ridge,  extends  at  a  small  angle  to  it. 

This  latter  strip  ends  with  the  epicenter  of  the  severe  K  =  13  earth¬ 
quake  of  21  August  1955*  occurring  to  the  south  of  Obl-Garm.  Prom  this 
strip,  the  epicenter  brances  to  the  North  of  Tovil'-Dora  into  a  third 
strip  which  turns  to  the  southwest  and  pinches  out  to  the  West  of 
Tovil'-Dora.  To  the  South  there  is  a  well-defined  fourth  epicenter 
strip  which  coincides  with  the  zone  of  the  Karakul'  fault. 

Severe  K  »  13  earthquakes  occurred  during  this  year  in  the  east¬ 
ern  and  western  ends  of  the  Garm  district,  and  to  the  north  of  its 
center.  They  were  all  located  in  border  sections  of  a  zone  of  generally 
Increased  seismicity. 

In  1956,  the  general  pattern  of  epicenter  distribution  (Pig.  137) 
remained  the  same  as  in  the  preceding  year,  but  its  Internal  structure 
changed.  Figure  137  shows  a  region  of  epicenter  concentration  extend¬ 
ing  from  the  northeast  to  the  southwest;  it  intersects  the  Khalt  dis¬ 
trict,  and  pinches  out  in  the  Tovil'-Dora  district.  Another  extended 
concentration  of  epicenters  lies  perpendicular  to  the  first  concentra¬ 
tion  to  the  northeast,  somewhat  west  of  Dzhlrgatal'.  The  southern  dis¬ 
trict  along  the  Karakul’  fault  was  relatively  nonselsmic.  The  epicen¬ 
ter  distribution  for  this  year  is  not  easily  associated  with  any  fea¬ 
tures  of  the  tectonlo  structure. 

Strong  K  -  13  earthquakes  occurred  during  1956  in  the  Garm  dis¬ 
trict  at  the  northeast  and  southwest  ends  of  the  main  earthquake  strip 
that  runs  through  this  district.  In  the  Stallnabad  district,  in  the 
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Fig.  136.  Map  of  earthquake  epicenters  for  the  year  1955,  based  on 
earthquakes  in  the  9-13  energy  classes.  Triangles  indicate  seismic  sta¬ 
tions.  1)  Accuracy;  2)  energy;  3)  unclassified. 

eastern  section,  to  the  south  of  the  previous  year's  concentration  of 
epicenters  in  the  Gayzabad  district,  there  was  also  a  K  ■»  13  shock, 
the  Nurek  earthquake. 

This  change  in  the  structural  pattern  of  earthquake  focal  distrib¬ 
ution  for  the  K  *  9-13  classes  between  1955  and  1956  indicates  that  In 
studying  the  details  of  focal  distribution  upon  the  basis  of  observa¬ 
tions  of  earthquakes  in  these  energy  classes,  objective  Judgments  nec¬ 
essitate  sufficiently  long  observation  periods. 

Let  us  concentrate  in  more  detail  on  the  seismicity  of  the  Oarm 
district  alone,  and  then  of  the  Stallnabad  district  alone,  for  sections 
that  are  well  provided  with  local  station  networks. 

Oarm  District 

As  previously  (Chapter  7}  we  restrict  our  examination  of  the  Oarm 
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district  to  the  rectangle  lying  between  the  70°00 ' -71°30 '  meridians 
and  the  SS^O'-S^O'  parallels,  excluding  from  this  rectangle  the 
southeastern  corner  in  which  no  epicenters  are  observed  (see  Fig.  135). 

O 

The  over-all  area  of  this  figure  amounts  to  13,500  km  .  Within  this 
district,  three  major  independent  seismic  zones  may  be  isolated:  the 
northern  (Oissar)  zone,  the  central  (Petrovskaya)  zone,  and  the  south¬ 
ern  (Karakul')  zone. 

1.  Oissar  zone.  Wiis  zone  covers  the  entire  right  bank  of  the 
Surkhob  River,  and  coincides  with  the  Paleozoic  formations  of  the  Gis- 
sar  mountain  complex.  The  seismicity  of  this  zone  drops  off  at  the 
northern  slopes  of  the  Oissar  range,  to  the  east  of  Dzhirgatal',  and 
•  to  the  west  of  the  derm  meridian.  To  the  South,  along  the  left  bank  of 
the  Surkhob  River,  it  is  separated  from  the  Petrovskaya  zone  by  a  sec¬ 
tion  of  relatively  low  seismicity.  Within  the  Oissar  sons,  the  greatest 
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activity  is  shown  by  the  section  that  coincides  with  the  Kabudkrymskly 
Massif,  which  is  bounded  by  the  Yarkhych,  Komaroy,  Sorbog,  and  Surkhob 
Rivers.  The  central  portion  of  the  massif  is  less  active  than  its  bor¬ 
der  regions  (Pig.  135).  The  epicenter  strips  bordering  the  triangular 
Kabudkrymskly  Massif  coincide  in  the  South  with  the  Klebel'sberg  fault, 
which  passes  along  the  right  side  of  the  Surkhob  River  valley.  The 
greatest  concentration  of  epicenters  is  observed  on  the  northeast  bor¬ 
der  of  the  massif,  between  the  Yasman  and  Yarkhych  Rivers.  A  strip  of 
weak-earthquake  epicenters  is  also  noticeable  on  the  northwestern  bor¬ 
der.  It  is  worth  noting  that  the  severe  earthquakes  are  found  only 
along  the  borders  of  the  massif  forming,  as  it  were,  an  outline  of  it. 
The  epicenter  concentration  coincides  quite  well  with  the  tectonic 
fault  zones  bordering  the  Kabudkrymskly  Massif.  Within  the  Gisaar  zone, 
somewhat  to  the  west  of  Dzhirgatal',  there  is  a  well-defined  epicenter- 
concentration  strip  directed  from  North  to  South.  The  trend  of  this 
strip  does  not  correspond  with  the  tectonic  faults  for  the  given  sec¬ 
tion  of  the  Glssar  zone,  inasmuch  as  the  majority  of  tectonic  faults 
run  from  East  to  West.  The  remaining  sections  of  the  Glssar  zone  are 
relatively  inactive. 

Focal  depths  are  shallow  throughout  the  entire  Glssar  zone,  and 
the  foci  lie  chiefly  within  the  first  tens  of  kilometers.  At  the  west¬ 
ern  end  of  the  zone,  near  the  Yangolyk  and  Oarm  seismic  stations,  and 
near  the  Klebel'sberg  fault,  foci  ranging  in  depth  to  35  km  are  ob¬ 
served.  The  nature  of  the  earthquake  vs.  depth  distribution  may  be  seen 
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from  Fig.  138.  The  Klebels'berg  fault  is  recorded  on  the  sections  by 
the  increased  epicenter  density,  and  by  the  presence  of  foci  at  various 
depths  within  a  narrow  band  along  the  Surkhob  River  valley. 

2.  The  Petrovskaya  cone.  This  sons  coincides  with  the  Peter  I 
range.  Rear  the  divide  of  this  range,  on  the  northern  slope,  a  sharp 
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Pig.  138.  Vertical  sections  for  earthquake  hypocenters 
along  north-south  profiles,  a)  Chusal-Jshtlon;  b)  Yal- 
dymych-Tovll ’ -Dora .  The  size  of  the  circles  Indicate* 
the  K  energy  class;  1)  earthquakes  used  to  plot  ver¬ 
tical  hodographs  (Chapter  3) »  2)  remaining  earthquakes, 
a)  Yasman;  b)  Surkhob  River;  C)  Chusal;  D)  Peter  I 
range;  B)  Obikhingou  River;  P)  Ishtion;  0)  Mohorovlclc 
Discontinuity;  H)  Komar ou;  I)  Surkhob  River;  J)  Yaldy- 
mych;  K)  Tovil 1 -Dora. 


Increase  In  epicenter  density  is  found.  This  epicenter  strip,  forming 


extensions,  also  covers  th*  southern  slopes  of  the  Peter  Z  range  at 
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two  points:  to  the  northeast  of  the  Ishtion  station,  and  in  the  Chil'- 
Dora  district  (to  the  north  of  the  Tovil ' -Dora  station).  These  western 
and  eastern  (Chil'-Dora  district)  earthquake -focus  concentrations  runs 
together  in  the  South  with  the  epicenter  strip  that  coincides  with  the 
Karakul*  fault.  Between  these  two  concentrations,  on  the  southern 
slopes  of  the  Peter  I  range  (between  the  Ishtion  and  Tovil* -Dora  sta¬ 
tions),  no  earthquake  foci  are  observed.  The  eastern  extension  of  the 
Peter  I  range  beyond  Tadzhikabad,  in  general,  is  relatively  inactive; 
the  number  of  earthquakes  Increases  only  in  the  extreme  eastern  sec¬ 
tion  to  the  south  of  Dzhirgatal*.  This  territorial  earthquake  distribu¬ 
tion  in  the  East  is  clearly  associated  with  an  over-all  variation  in 
the  seismic  regime,  since  in  previous  years  (see,  for  example  [2,  258]), 
rather  severe  earthquakes  have  been  observed  here. 

Very  severe  K  =  12  and  K  =  13  earthquakes  occurred  In  the  western 
section  of  the  Peter  I  range:  the  Chil'-Dora  earthquake  of  11  April 
1956,  and  the  earthquake  in  the  Yaldymych  district  on  22  September 
1956.  They  occurred  in  border  portions  of  sections  of  weak-earthquake 
concentration.  The  Chil'-Dora  district  was  the  most  active  section  of 
the  Petrovskaya  band  during  the  1955-1956  period. 

The  vast  majority  of  earthquakes  in  the  Peter  I  range  are  shallow, 
their  foci  lying  at  depths  extending  through  the  first  10  km.  Depths 
increasing  to  13-25  km  have  been  observed,  however,  at  the  western  end 
of  the  Peter  I  range.  A  local  group  of  foci  with  depths  ranging  to  40 
km  is  concentrated  in  the  central  section  of  the  Peter  I  range,  to  the 
south  of  the  Nlmich-Yaldymych  stations.  In  the  district  of  the  Yaldy¬ 
mych  station,  this  group  of  deeper  earthquakes  joins  with  similar 
earthquakes  of  the  Oissar  zone.  Isolated  deeper  earthquakes  to  the 
north  of  Tovil '  -Dora  have  been  identified  on  the  southern  slope. 

3.  The  Karakul'  zone.  This  zone  represents  the  natural  seismic 
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border  for  the  Garm  district.  Its  activity  is  substantially  below  that 
of  the  first  two  [remainder  of  sentence  missing  in  original].  Stronger 
K  =  11  and  K  =  12  earthquakes  have  been  observed  in  two  sections  of 
this  zone:  to  the  east  of  Ishtion,  and  to  the  south  of  Tovil'-Dora.  As 
in  the  other  cases,  relatively  severe  earthquakes  have  occurred  here 
on  the  borders  of  the  zone.  In  the  Karakul'  zone,  earthquakes  of  vari¬ 
ous  depths  are  found.  It  is  possible  that  some  tendency  toward  increas¬ 
ing  depths  to  the  east  may  be  observed. 

Stalinabad  District 

Here,  as  before,  we  will  distinguish  the  Greater  Stalinabad  dis¬ 
trict,  and  the  Lesser  Stalinabad  district  Included  within  it.  Their 
boundaries  are  shown  in  Chapter  7»  in  Fig.  113  •  The  area  of  the  first 
district  amounts  to  14,300  km  ,  and  of  the  second  district,  to  4000  km  . 

The  epicenter  map  for  the  Greater  Stalinabad  district  (Fig.  139) 
shows  all  foci  determined  here  over  a  twenty-month  observation  period 
(January  1955 -August  1956).  Although  the  number  of  weak-earthquake  epi¬ 
centers  (for  class  7  or  below)  clearly  is  too  low  here,  all  the  basic 
features  of  the  eplcentral  zones  are  adequately  represented. 

Three  eplcentral  zones  may  be  Isolated  on  the  map  of  Fig.  139:  1) 
the  northern  (line  AB  on  Fig.  139) ,  running  along  the  border  of  the 
northern  edge  of  the  Glssar  valley  from  the  southern  slope  of  the  Gis- 
sar  range,  2)  the  Takob,  located  to  the  east  of  the  Chuyangaron  sta¬ 
tion,  and  3)  the  southern  zone  (line  A'B'  on  Pig.  139),  covering  the 
southern  side  of  the  Glssar  Valley  and  the  range  bordering  it  on  the 
South. 

The  northern  and  southern  zones  are  the  most  important.  They  are 
separated  by  the  Glssar  Valley,  where  the  city  of  Stalinabad  is  located. 
In  the  ^central  section  of  the  Glssar  Valley,  there  are  fewer  epicenters 
than  in  the  neighboring  zone;  several  earthquakes  are  noted,  however. 


Fig.  139.  Earthquake -epicenter  map  for  the  Greater 
Stalinabad  district,  January  1955-August  1956.  The 
triangles  Indicate  seismic  stations,  lhe  dashed  line 
Indicates  the  Lesser  Stalinabad  region.  1)  Stalina- 
bad;  2)  energy  class;  3)  accuracy  class;  4)  unclass¬ 
ified. 

in  direct  proximity  to  Stalinabad.  A  detailed  seismicity  study  in 
the  vicinity  of  Stalinabad  is  difficult  because  of  the  considerable 
background  of  Industrial  interference  within  the  city  limits. 

The  northeastern  section  of  the  chart  of  Fig.  139  is  relatively 
inactive.  It  is  possible  that  this  does  not  represent  the  true  situa¬ 
tion,  owing  to  the  low  sensitivity  of  the  equipment  at  the  Obi-dam 
station.  Class  7  earthquakes  cannot  be  determined  without  this  station 
in  the  given  section  of  the  chart,  while  the  Obl-Oarm  station  records 
such  earthquakes  poorly.  The  lack  of  more  severe  shooks  in  this  region 
may  be  due  to  the  short  observation  period.  In  the  past,  this  has  been 


Fig.  140.  Vertical  sections  for  earthquake  hypo- 
centers.  a)  Along  line  AB  in  northern  zone;  b) 
along  line  AB  in  southern  zone.  Arbitrary  designa¬ 
tions  are  the  same  as  those  of  Fig.  139. 

q^lte  an  active  district  [198]. 

The  low  activity  of  the  northwest  and  southwest  sections  of  the 
chart  clearly  represents  an  actual  condition;  in  any  case,  this  does 
not  contradict  the  results  of  observations  due  to  the  regional  network 
[198]  over  a  longer  period  of  time  (20-25  years). 

Let  us  describe  in  more  detail  the  two  main  eplcentral  zones:  the 
northern  and  southern  zones. 

1.  The  northern  zone  extends  in  a  nearly  east-west  direction,  in 
the  form  of  a  chain  of  epicenters.  The  extreme  epicenters  to  the  West 
fall  in  the  Karatag  district,  while  to  the  East,  the  eplcentral  bands 
may  be  followed  to  the  Obi-Oarm  district,  where  both  zones  -  the  north¬ 
ern  and  southern  —  run  together.  The  eastern  boundary  of  the  northern 
zone  may  arbitrarily  be  taken  along  the  69°30'  meridian.  The  over-all 
length  of  this  zone  amounts  to  roughly  110  km,  and  it  is  10-15  km  wide, 
on  the  average. 
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The  northern  eplcentral  zone  coincides  quite  well  with  the  series 
of  tectonic  faults  that  separate  the  faults  of  the  Qissar  range  from 
the  Tadzhik  depression. 

The  section  of  Fig.  140  shows  the  depth  distribution  of  earth¬ 
quake  foci  in  the  northern  zone.  The  northern-zone  foci  are  located  at 
quite  different  depths  ranging  from  5  to  30  km  which,  evidently,  indi¬ 
cates  the  great  depth  of  the  faults  with  which  earthquakes  in  this 
zone  are  associated. 

In  the  past,  very  severe  earthquakes  have  appeared  in  the  northern 
zone,  for  example,  the  Karatag  earthquake  of  1907  [259]»  the  Fayzabad 
earthquake  of  1943  [260].  The  present-day  relatively  high  activity  of 
this  zone  permits  us  to  assume  that  earthquakes  of  this  intensity  may 
appear  now  and  in  the  future. 

2.  The  southern  zone  consists  of  several  groups  of  epicenters  ex¬ 
tending  from  east  to  west  from  the  Babatag  range  (in  the  district 
about  the  Qissar  station)  in  the  west  to  the  69°30'  meridian  In  the 
east.  It  Is  possible  to  distinguish  three  groups  of  epicenters  In  this 
zone  (from  west  to  east):  a)  the  Babatag  zone  In  the  district  near  the 
Qissar  station;  b)  the  Kok-Tash  zone,  running  along  the  Kok-Tash  ridge; 
c)  the  eastern  group,  which  may  be  divided  into  the  Fayzabad  subgroup 
( to  the  north  of  latitude  38°30 ' )  and  the  Nurek  subgroup  ( to  the  south 
of  latitude  38°30’)*  Nonetheless,  such  details  of  the  Intimate  struc¬ 
ture  of  this  eplcentral  zone  may  prove  to  be  temporary  In  nature  (see 
the  discussion  of  Figs.  138  and  139)* 

The  southern  zone  and  the  corresponding  groups  of  epicenters  co¬ 
incide  with  the  series  of  ranges  and  associated  tectonic  faults  that 
surround  the  Qissar  Valley  on  the  south. 

Figure  140b  gives  a  section  indicating  the  distribution  of  earth¬ 
quake  foci  In  the  southern  zone  by  depth.  As  the  figure  shows  clearly. 
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the  focal  depths  in  this  zone  also  vary  from  5  to  30  km.  Within  the 
borders  of  the  southern  zone,  the  earthquake  foci  first  descend,  and 
then  ascend  somewhat,  in  going  from  east  to  west.  In  the  eastern  por¬ 
tion,  foci  at  depths  of  5-10  km  predominate,  to  the  west  of  Karasu, 
the  dominant  depths  increase  to  15  km,  and  at  the  longitude  of  Stalin- 
abad,  they  reach  20-22  km;  there  is  then  a  certain  decrease  in  depth. 

In  the  past,  the  southern  epicentral  zone  has  experienced  quite 
frequent  earthquakes  of  intensity  7-8  (see,  for  example  [260]).  A  rela- 
tively  high  recurrence  rate  for  not  too  severe  earthquakes  is  also 
shown  clearly  by  Instrument  observations  over  longer  periods  of  20-25 
years  [198]*  Historical  sources  reveal  no  catastrophic  earthquakes  for 
this  zone  of  the  Karatag  or  Khalt  type;  it  is  possible  that  the  pecu¬ 
liarities  of  the  geological  structure  in  this  zone  are  responsible  for 
this  freedom  from  severe  earthquakes. 

§2.  SEISMIC -ACTIVITY  MAP 

Method  of  Constructing  Seismic -Activity  Map 

In  addition  to  the  normal  epicenter  map,  a  seismic-activity  map 
was  plotted  for  the  entire  region  under  study.  The  principles  by  which 
such  charts  are  compiled  have  been  discussed  in  Chapter  7,  §2.  Here  we 
shall  consider  briefly  the  technique  used  in  plotting  the  map. 

Hie  basic  material  used  to  compile  the  activity  map  consists  of 
the  standard  epicenter  chart,  and  the  earthquake -recurrence  graph  for 
the  district  under  study,  normalized  to  time  and  area.  Earthquakes  for 
each  of  the  energy  classes  that  will  be  used  in  plotting  the  activity 
maps  must  be  singled  out  by  separate  symbols  on  the  epicenter  map.  In 
addition,  all  earthquakes  must  be  classified  by  depth  range,  where  re¬ 
quired  by  circumstances,  and  where  the  observational  material  permits. 

Earthquakes  of  three  energy  classes  (K  *  7,  8,  and  9)  were  used 
to  compile  the  seismic -activity  map  for  the  district  investigated  by 


the  expedition.  The  earthquakes  were  not  classified  by  focal  depths, 
in  this  case,  since  all  foci  in  the  given  district  lay  within  the 
earth's  crust,  and  the  overwhelming  majority  of  the  foci  lie  within  a 
relatively  small  depth  range  (5-10  km  for  the  Oarm  district,  with  a 
somewhat  wider  range .for  the  Stallnabad  district). 

In  order  to  go  from  the  "discrete"  epicenter  map  to  the  "continu¬ 
ous"  map  for  the  distribution  of  the  seismic  activity  A,  the  initial 
epicenter  map  was  divided  into  quarters  by  a  grid  having  squares  with 
2.5-km  sides.  The  intersections  of  this  grid  were  the  points  at  which 
the  value  of  the  activity  A  was  determined  on  the  basis  of  a  calcula¬ 
tion  of  the  number  of  earthquake  epicenters  in  the  chosen  energy 
classes  that  lay  in  the  areas  surrounding  the  given  point.  To  delimit 
the  areas  used  In  the  epicenter  calculation,  a  special  transparent 
overlay  was  used  bearing  two  concentric  circles  with  radii  of  5  and  50 
km  drawn  on  tracing  cloth.  The  center  of  the  overlay  was  in  turn  placed 
over  every  intersection  on  the  grid. 

The  numbers  n^,  ng,  n^  of  epicenters  for  K  class  7,  8,  and  9 
earthquakes  were  calculated  separately  for  the  central  and  ring  zones 
of  the  overlay.  For  each  K  class,  summation  of  the  numbers  nR  obtained 
for  the  inside  zone  nj^  and  for  the  outer  zone  nj^  was  carried  out 
with  various  weighting  factors:  for  the  inside  zone,  the  weighting  fac¬ 
tor  was  taken  equal  to  p^  *  1,  and  for  the  outside  zone,  p^  «  1/12. 
The  number  N*g  for  the  epicenter  density  of  earthquakes  in  a  given  K 
class,  ascribed  to  the  center  of  the  overlay,  was  calculated  tram  the 
formula 

...  •+/■»■% 

*  ,  J»*m’ 

Here  the  number  100  (km2)  corresponds  to  the  unit  area  for  which  the 
seismic  activity  A^  (see  Chapter  7)  is  calculated.  Allowing  for  the 
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numerical  values  of  the  areas  S 


^  and  S^,  as  well  as  for  the  weight¬ 


ing  factors  p^  and  p^,  the  preceding  formula  may  be  represented, 
in  approximation,  as 

.V*  _  ,  1  „<*> 

i,  —  +  —  nj(  , 

,  u 

where  K  =  7,  8,  and  9. 

The  values  of  obtained  are  summed  with  the  factors  (=  1, 
2.7,  and  7.2),  whose  reciprocals  equal  the  ratio  of  the  numbers  of 
earthquakes  in  the  corresponding  energy  classes  according  to  the  recur¬ 
rence  graph  for  the  normal  slope  value  y  -  0.43.  The  result  of  the  sum¬ 
mation  is  divided  by  3,  the  number  of  earthquake -energy  classes  util¬ 
ized.  Thus,  we  obtain  the  desired  value  of  the  seismic  activity  A^,  for 
each  grid  intersection  considered 

The  distribution  of  the  calculated  values  of  A^.  in  all  intersec¬ 
tions  of  the  grid  was  generalized  by  drawing  the  isolines  for  the  quan¬ 
tity  kj.  For  the  Garm  district,  the  lines  of  equal  activity  corres¬ 
ponded  to  the  following  series  of  values:  A^  =  1,  5,  10,  20,  30,  40, 

50,  60,  70,  80.  For  the  Stalinabad  district,  owing  to  the  lower  activ¬ 
ity,  the  interval  between  the  equal -activity  lines  was  made  smaller, 
and  the  isolines  corresponded  to  values  A^  =  0.5,  1,  1.5,  2,  2.5,  3. 

We  note  that  the  procedure  described  for  the  calculation  may  vary 
in  detail.  Thus,  in  [214]  (see  also  [213,  215]),  the  calculation  is 
described  in  which  the  overlay  used  to  calculate  the  number  of  epicen¬ 
ters  nj^  (1  =  1,  2)  used  elliptical  rather  than  circular  regions, 
with  the  ellipses  oriented  in  accordance  with  the  dominant  trends  of 
the  main  tectonic  structures.  Both  the  weight  factors  p^  and  the  co¬ 
efficients  mg  might  take  on  other  values.  The  principle  used  in  the 
plot,  however,  remains  exactly  the  same.  It  consists  in  calculating  at 
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each  point  a  certain  mean  value  A  of  seismic  activity  for  the  area  sur¬ 
rounding  this  point,  and  then  in  generalizing  the  pattern  obtained  for 
the  distribution  of  the  numbers  A  over  the  area  by  plotting  a  map  of 
isolines  for  A. 

Seismic-Activity  Map'  for  the  Oarm  and  Stallnabad  Districts 

Figure  l4l  shows  a  seismic-activity  map  for  the  entire  district 
studied  by  the  expedition,  plotted  by  the  method  described  above  from 
observational  data  gathered  during  the  1955-1956  period.  The  same  map 
plots  the  epicenters  for  earthquakes  in  the  higher  energy  classes  K  = 

=*  10-13,  which  were  not  used  to  calculate  the  activity  A. 

A  comparison  of  a  seismic -activity  map  compiled  on  the  basis  of 
weak  earthquakes  with  the  distribution  of  stronger  earthquakes  indi¬ 
cates  that  weak  and  strong  earthquakes  generally  occur  in  precisely  * 
the  same  regions.  In  addition,  a  more  detailed  consideration  permits 
us  to  note  that  in  the  overwhelming  majority  of  cases,  strong  earth¬ 
quakes  occur  in  border  regions  of  increased-activity  zones,  correspond¬ 
ing  to  regions  of  weak-earthquake  concentration.  Naturally,  this  con¬ 
clusion  requires  still  further  verification  based  upon  larger  quanti¬ 
ties  of  material,  a  longer  observation  period,  and  must  be  verified 
for  other  seismic  regions. 

We  may  characterize  the  seismic-activity  map  in  more  detail,  using 
as  an  example  the  Stallnabad  district.  The  increased-activity  zones 
(the  Takob,  northern,  and  southern  zones)  are  more  clearly  expressed 
on  this  type  of  map  than  on  an  epicenter  map.  The  Qissar  Valley,  which 
has  little  seismic  activity,  separates  the  northern  and  southern  zones. 
Within  it,  the  northern  and  southern  zones  are  connected  by  a  strip 
lying  somewhat  to  the  east  of  the  city  of  Stallnabad.  To  the  west  of 
the  city,  both  zones  very  nearly  touch.  Stallnabad  lies  in  a  seismic 
"ring,”  whose  northern  and  southern  sections  are  more  active.  The  east- 
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era  section  of  the  northern  zone,  adjacent  to  the  Takob  zone,  appears 
to  be  quite  complicated.  The  latter  zone  is  characterized  by  very  great 
activity.  Although  no  severe  earthquakes  have  been  noted  within  the 
Takob  zone,  it  is  not  impossible  that  they  will  occur  here. 

The  map  drawn  represents  a  first  attempt  at  constructing  a  map  of 
seismic  activity.  This  map  is  very  detailed,  and  shows  many  fine  points 
relevant  to  the  distribution  of  present-day  activity.  This  has  both  a 
positive  and  a  negative  aspect.  From  the  point  of  view  of  a  comparison 
with  geological  features,  the  detailed  map  is  of  Interest.  The  present 
map,  however,  plotted  on  the  basis  of  two-year  observations,  does  not 
guarantee  that  the  details  will  be  stable  In  time.  It  would  be  desir¬ 
able  far  such  detailed  maps  to  be  compiled  upon  the  basis  of  observa¬ 
tional  material  covering  longer  time  periods. 

For  the  purposes  of  seismic  districting,  however,  such  detail  is 
unnecessary,  in  general.  As  a  matter  of  fact,  the  shocks  accompanying 
a  severe  earthquake  cover  a  more  or  less  considerable  area,  setting  up, 
as  it  were,  a  halo  about  each  epicenter.  The  degree  of  smoothing  or 
averaging  may  be  fixed  for  this  map  in  accordance  with  the  nature  of 
the  focal  seismic  activity,  so  as  to  agree  with  the  degree  of  attenua¬ 
tion  of  seismic  vibrations  with  distance  from  the  focus.  In  addition, 
the  activity  A  represented  on  the  map  may  be  determined  with  an  allow¬ 
ance  not  only  for  weak  earthquakes,  as  in  the  case  described,  but  also 
for  all  known  severe  earthquakes.  This  type  of  seismic-activity  map 
for  the  Oarm  and  Stallnabad  districts  has  been  described  in  [214,  215]. 
Using  Seismic  -Activity  ltoe 

Naps  of  seismic  activity  make  it  possible  to  arrive  at  both  quali¬ 
tative  and  quantitative  evaluations  of  the  seismicity  of  districts  un¬ 
der  study. 

Let  us  first  consider  the  qualitative  aspect.  A  seismic-activity 


map  gives  an  objective  representation  of  the  earthquake -epicenter  dis¬ 
tribution  density,  in  terms  of  a  single  energy  level.  In  this  respect, 
it  represents  a  somewhat  improved,  better  grounded  version  of  the  well- 
known  epicenter-density  charts  (see,  for  example,  this  type  of  map  in 
the  Atlas  of  Seismicity  of  the  USSR  [258],  as  well  as  in  [187,  202, 

220,  222]). 

The  epicenter  distribution  density  pattern,  in  units  of  seismic 
activity,  as  in  any  other  sensible  units,  makes  it  possible  to  compare 
zones  of  increased  seismic  activity  with  specific  tectonic  features  of 
a  district,  and  especially  with  zones  of  principal  tectonic  faults, 
far  more  graphically  than  is  possible  with  the  discrete  epicenter  maps. 
An  activity  map,  supplemented  by  geological  considerations,  makes  it 
possible  to  seek  a  well-founded  qualitative  picture  of  the  relative 
seismicity  of  various  sections. 

The  quantitative  aspect  of  the  matter  is  more  important;  this  is 
also  a  special  feature  of  the  seismic-activity  maps.  The  principal  vir¬ 
tue  of  this  type  of  chart  lies  in  the  fact  that  upon  the  basis  of  ac¬ 
tivity  maps,  together  with  recurrence  curves.  It  is  possible  to  evalu¬ 
ate  the  mean  recurrence  frequency,  and,  correspondingly,  the  mean  re¬ 
currence  periods  for  earthquakes  of  various  energies  and  intensities. 

To  be  completely  definite  in  an  examination  of  the  quantitative 
relationships,  we  assume:  a)  that  the  seismic  regime,  on  the  average, 
does  not  vary  in  time,  and  b)  that  the  relative  values  for  the  earth¬ 
quake  recurrence  N  for  various  energies  E  is  Independent  of  the  seismic 
activity  A  (the  question  of  the  admissibility  of  such  assumptions  for 
approximate  estimates,  their  possible  limits  of  applicability,  the  con¬ 
ditions  under  which  they  should  be  discarded,  we  shall  leave  aside 
here;  naturally,  they  still  must  be  given  additional  study  and  discus¬ 
sion).  Constant  relative  recurrence  is  equivalent  to  constant  shape  of 


the  recurrence  curve  N(E)  plotted  In  logarithmic  coordinates  (Chapter 
7).  This  makes  it  legitimate  to  shift  it  along  the  N  axis,  which  cor- 
responds  to  a  change  in  A. 

The  direct  quantitative  Interpretation  of  the  seismic-activity 
map  consists  in  the  following.  If  at  a  point  on  the  chart  of  Interest 
to  us,  the  magnitude  of  the  seismic  activity  equals  a  specific  number 
A^,  this  indicates  that  in  the  neighborhood  of  this  point,  over  an 

p 

area  of  100  km  ,  earthquakes  of  the  seventh  energy  class  will  recur, 
on  the  average,  times  each  year.  It  is  of  interest  to  determine  for 
the  neighborhood  of  this  point  on  the  map,  the  magnitude  of  the  earth¬ 
quake  recurrence  N*K  for  any  other  class  K.  To  do  this,  it  is  enough 
to  set  the  curve  N(E)  on  the  N  axis  so  that  where  K  =  7,  the  ordinate 
of  the  point  on  this  curve  will  equal  A^.  Then  the  ordinates  of  all 
the  remaining  points  for  this  curve  for  any  other  values  of  K  will 
give  the  earthquake  -recurrence  values  N*g  for  the  corresponding  energy. 
Using  this  method,  a  chart  for  the  seismic  activity  A^,  l.e.,  for  the 
earthquake  recurrence  where  K  =  7,  may  be  converted  to  a  chart  of 
earthquake  recurrence  for  any  other  energy  classes.  Including  the  de¬ 
structive  earthquakes  of  Interest  to  us. 

In  particular,  if  in  the  energy  range  under  discussion,  the  angu¬ 
lar  coefficient  of  the  graph  N(E)  is  constant,  y  =  const,  it  is  pos- 

other  N*k  (in  this  energy 

range)  In  accordance  with  the  formula 

.y;.  = 

Instead  of  the  recurrence  N*A,  It  may  prove  clearer  to  consider 
the  recurrence  periods  Tg  <■  l/N*g,  l.e.,  the  mean  time  Intervals  be¬ 
tween  earthquakes  of  a  given  K  energy  class. 

The  quantities  N*g  and  Tg  may  be  computed  not  only  for  elementary 
100 -km2  areas,  to  which  the  activity  kj  refers,  but  for  any  other  areas 


sible  to  go  from  the  recurrence  A^  to  any 
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S  as  well  (In  km8).  Thus,  for  example,  the  mean  time  Interval  Tg  be¬ 
tween  two,  let  us  say,  severe  earthquakes  of  the  Kth  class  over  an 
area  S  may  be  determined  from  the  formula 


For  an  area  S  consisting  of  several  sections  Sj^  with  various  ac¬ 
tivities  Ay  the  calculation  may  be  carried  out  by  means  of  the  for¬ 


mula 
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where  the  quantity  N*K  ^  is  determined  on  the  basis  of  the  activities 
Ay  ^  by  the  method  described  above. 

For  the  sake  of  clarity,  let  us  consider  an  example.  On  a  selsmic- 

p 

activity  map  for  Ay,  let  the  isoline  Ay  =  20  cover  an  area  S  =  1000  km'  , 
and  let  there  be  no  other  isolines  in  this  area.  This  means  that  over 
the  area  under  consideration,  there  are  20  x  (1000/100)  =  200  earth¬ 
quakes  of  the  seventh  energy  class  each  year.  Let  us  assume  for  sim¬ 
plicity  that  y  =  const  =  0.43.  The  time  interval  between  two  severe 
earthquakes,  for  example,  of  the  sixteenth  energy  class  will  in  this 
case  be 

— louTio — “3<  years. 

We  see  that  the  district  taken  is  quite  dangerous  from  the  seis¬ 
mic  point  of  view.  If  some  other  district  having  the  same  area  S  is 
included  within  the  Isoline  Ay  =  1,  the  mean  time  interval  between 
severe  class  16  earthquakes  in  this  district  will  be  730  years.  Conse¬ 
quently,  the  second  district,  should  be  considered  to  be  less  danger¬ 
ous  from  the  seismic  point  of  view,  and  this  must  be  taken  into  account 
in  establishing  the  degree  of  seismic  danger  presented  by  both  dis¬ 
tricts  in  seismic  districting. 
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A  seismic -activity  map  in  kj  lsolines  or  any  other  recurrence  iso 
lines  may  also  be  converted  to  a  map  in  isolines  of  for  the  great 
est  energy  classes  of  earthquakes  that  will  recur  in  a  given  area,  on 
the  average,  no  more  than  once  in  T  years.  Here  T  is  any  fixed  time, 
for  example,  T  =  500  years  (the  time  T  may  also  be  compared  with  the 
mean  service  life  of  structures  of  a  specific  type  [171]).  The  form  of 
such  a  map  will  approximate  the  form  of  modern  seismic-district  maps, 
where  the  "maximum"  force  of  earthquakes  is  indicated,  although  there 
is  no  indication  of  the  mean  recurrence  time  T  to  which  they  corres¬ 
pond.  It  is  also  possible  to  go  directly  from  a  map  of  "max  to  a  map 
of  corresponding  intensities,  for  which  it  is  sufficient  to  make  use 
of  the  well-known  relationships  among  the  energy,  focal  depth,  and 
earthquake  intensity. 

There  is  still  another  possibility  for  making  use  of  the  quanti¬ 
tative  aspect  of  seismic -activity  charts;  this  lies  in  a  comparison 
with  numerical  values  of  velocity  gradients  for  movements  of  the  earth 
surface,  determined  by  geological  or  geodesic  methods,  in  particular, 
with  vertical  movements.  The  geological  aspect  of  this  problem  will  be 
discussed  below  (§4).  It  is  reasonable  to  bring  in  quantitative  geo¬ 
logical  data  on  movements  of  the  earth's  crust  owing  to  the  fact  that 
the  time  intervals  investigated  by  geologists  are  so  much  greater  than 
those  that  may  be  taken  into  account  on  the  basis  of  seismologlcal 
data  alone.  TCils  is  especially  important  in  treating  the  problem  of 
the  relationships  between  present-day  seismicity,  with  its  possible 
variability,  and  long-term  average  seismicity. 

Thus,  we  see,  that  the  seismic-activity  map  even  today  may  be  of 
considerable  help  in  solving  several  fruitful  problems  dealing  with 
the  establishment  of  the  degree  of  seismic  danger  presented  by  a  ter¬ 
ritory.  We  may  expect  that  they  will  serve  as  the  basis  for  future. 
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more  objective  maps  of  seismic  districts,  compiled  on  a  quantitative 
basis. 

§3.  COMPARISON  OF  SEISMICITY  OF  OARM  REGION  WITH  ITS  TECTONIC  STRUCTURE 

Owing  to  its  high  seismic  activity,  exposed  nature,  and  the  de- 
tailed  geological  and  seismic  studies  that  have  been  carried  out,  the 
region  in  which  the  expedition  operated,  and  especially  the  Garm  dis¬ 
trict,  is  very  favorable  for  observations  of  the  seismic  regime,  and 
for  comparing  seismicity  with  tectonics.  ^ 

Here  we  will  confine  ourselves  to  comparing  tectonic  data  with 
the  seismicity  of  the  district  for  only  two  years:  1955  and  1956.  Over 
this  period,  no  earthquakes  having  energies  greater  than  10  joules 
(K  =  13)  were  recorded  in  this  district.  Thus,  problems  associated 
with  the  most  intense  earthquakes,  are  only  touched  upon  by  our  dis¬ 
cussion. 

Hie  basic  materials  on  the  seismicity  of  the  region  under  inves¬ 
tigation,  which  we  compared  with  its  tectonics,  consist  of  an  epicen¬ 
ter  map  (allowing  for  focal  depth)  and  a  seismic-activity  map. 
Geological  Factors  Responsible  for  the  Increased  Seismicity  of  the  Garm 
District 

As  is  known,  the  Garm  district  has  especially  high  seismicity  in 
comparison  with  the  surrounding  districts.  To  elucidate  the  geological 
factors  responsible  for  this.  Fig.  142  shows  a  comparison  of  the  epi¬ 
center  arrangement  in  the  district  investigated  by  the  expedition 
(Garm-Stallnabad)  with  a  diagram  of  the  basic  tectonic  elements  of  the 
district.  An  examination  of  this  map  permits  us  to  conclude  that  the 
Garm  district,  i. e. ,  the  area  in  which  a  large  number  of  earthquakes 
appear,  coincides  with  a  section  of  the  Earth’s  crust  that  was  de¬ 
formed  especially  vigorously  during  the  tyaternary.  As  we  noted  in 
Chapter  8,  during  the  Quaternary  period  a  new  uplift  appeared  on  the 


site  of  Pamir  foothills  trough  depression,  corresponding  to  the  west¬ 
ern  section  of  the  Peter  I  range.  Further  to  the  Northeast,  in  the 
less  seismic  Transalayskiy  Range  district,  this  process  had  commenced 
during  the  Tertiary  period.  In  the  still  less  seismic  Vakhsh  Range 
district,  lying  to  the  Southwest,  the  uplift  had  just  appeared,  and 
developed  at  a  slower  rate  than  in  the  Garm  district.  The  rapid  growth 
of  the  new  uplift  within  the  former  depression  in  the  center  of  the 
Garm  district  was  accompanied,  in  regular  fashion,  by  a  movement  in 
the  opposite  direction  (a  so-called  compensating  relative  subsidence) 
at  the  center  of  the  tectonic  subzone  traversed  by  the  valley  of  the 
Surkhob  River.  This  reinforced  redevelopment  of  strains  and  faults.  It 
thus  follows  from  the  geological  data  that  the  Garm  district  is  dis¬ 
tinguished  from  the  surrounding  districts  by  the  especially  vigorous 
development  of  strains  and  faults  in  the  Earth’s  crust  during  the 
Quaternary  period.  This  clearly  is  the  reason  for  the  extraordinarily 
high  seismic  activity  of  this  district.  This  region  may  be  classified 
as  an  area  in  which  rearrangement  of  the  Earth's  crustal  structure  is 
taking  place.  The  Increased  seismicity  of  such  districts  has  been 
noted  before  by  many  scientists.  Thus,  our  explanation  for  the  excep¬ 
tionally  great  seismicity  of  the  Garm  district  differs  somewhat  from 
that  given  in  [23b]. 

The  Relationship  of  Seismicity  and  Fault  Zones 

A  more  detailed  examination  of  the  connection  of  seismicity  with 
the  tectonic  structure  within  the  Garm  district  itself  (Fig.  143) 
calls  attention  to  the  quite  good  agreement  between  the  location  of 
earthquake  foci  for  the  high-energy  classes  (K  ■  12  -  13)  and  the  deep 
fault  zones  delineated  on  the  tectonic  diagram.  This  is  best  seen  in 
the  Karakul'  fault  zone,  and  over  the  entire  Petrovskaya  zone,  which 
in  the  North  borders  upon  an  alpine  geosyncline  region.  It  is  quite 
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important  that  the  epicenters  of  earthquakes  having  hypocenters  at 

{ 

various  depths  are  located  within  the  same  strips,  and  that  there  is 
no  basis  whatsoever  for  assuming  that  the  fault  zones  responsible  for 
earthquakes  slope,  regardless  of  whether  or  not  these  faults  emerge  at 
the  Earth's  surface.  The  entire  set  of  seismic  data  supports  the  con¬ 
clusion  that  all  of  the  major  faults  within  the  Garm  district,  dis¬ 
cussed  in  the  preceding  chapter,  are  vertical.  In  passing,  we  should 
note  that  seismic  observations  have  been  used  to  plot  a  velocity  pro¬ 
file  for  the  Earth's  crust  (see  Pigs.  19  and  20,  Chapter  3),  which 
confirms  the  fact  that  the  sedimentary  deposit  under  the  northern 
slope  of  the  Peter  I  range  is  no  more  than  2  -  3  km  thick,  while  there 
Is  a  sharp  Increase  at  the  ridge,  while  under  the  southern  slope  of 
the  range,  the  deposit  reaches  8  —  10  km  in  depth.  These  data  show 
that  the  boundary  between  the  geosync line  region  A  and  the  Epihercyn- 
ian  platform  region  B  has  been  properly  drawn,  and  also  supports  the 
scheme  assigned  to  the  historical  tectonic  movements  for  the  sections 
adjacent  to  this  boundary,  which  was  described  in  detail  in  the  pre¬ 
ceding  chapter. 

In  addition  to  the  earthquake  epicenters  that  fall  into  main 
fault  zones,  concentrations  of  epicenters  are  also  observed  that  are 
not  associated  with  observed  fault  systems.  We  refer  to  the  North- 
South  band  of  epicenters  to  the  West  of  Dzhirgatal';  the  two  epicenter 
bands  running  northwest  in  the  Kabudkrymskiy  massif,  to  the  North  of 
the  Surkhob  River;  the  North-South  concentration  of  epicenters  to  the 
North  of  Tovil'-Dora  and  Ishtion.  The  presence  of  these  strips  is 
possibly  associated  with  the  appearance  of  a  deep  North-South  fault 
(  trend.  Such  lateral  faults  have  already  been  noted  at  the  surface  as  a 

result  of  geological  observations  in  other  sections  of  the  district 

[216]. 
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Thus,  the  Garm  district  offers  confirmation  of  the  basic  coinci¬ 
dence  of  earthquake  epicenters  and  major  structural  elements  of  the 
Earth's  crust  which  are  at.  the  same  time  sites  of  maximum  development 
of  tectonic  faults.  Any  attempt  to  use  this  qualitative  relationship 
to  find  a  more  detailed  connection  between  seismicity  and  the  struc¬ 
ture  of  the  Earth's  crust  must  meet  with  many  difficulties. 

Inadequacy  of  qualitative  comparisons 

Let  us  list  the  chief  difficulties  encountered  in  making  a  direct 
comparison  of  tectonic  structural  data  with  seismicity. 

There  is  no  way  of  uniquely  associating  maximum  earthquake  in¬ 
tensity  with  the  order  of  boundaries  for  structural  elements  in  the 
Earth's  crust,  i.e. ,  we  cannot  state  that  the  larger  the  structural 
element,  the  more  intense  will  be  the  earthquakes  associated  with  its 
boundaries.  Thus,  at  the  boundary  between  two  very  large  tectonic  re¬ 
gions  -  the  geosyncline  region  A  and  the  after-platform  region  of 
movement  activation  B  (Pig.  140,  141)  -  weaker  earthquakes  appeared 
than  at  the  boundary  of  the  two  zones  A-I  and  A-II  within  region  A, 
or  than  earthquakes  along  the  boundaries  of  the  two  subzones  B-I-b  and 
B-I-c  within  region  B. 

The  intensity  of  seismic  processes  along  each  boundary  of  a  tec¬ 
tonic  region,  zone,  or  subzone  will  vary  very  sharply.  It  is  quite 
plain  from  Pig.  143  that  in  the  various  sections  of  the  same  boundary, 
the  eplcentral  density  will  differ  greatly.  This  is  especially  clear 
from  the  examples  of  the  boundaries  A  and  B,  A-I  and  A-II,  B-I-b  and 
b-i-c. 

Different  earthquake  forces,  #nd  recurrence  rates  will  be  assocl- 
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ated  with  boundaries  of  tectonic  zones  belonging  to  precisely  the  same 
order  of  crustal  structural  elements.  Thus,  for  example,  there  is  a 
substantial  difference  In  seismicity  on  the  orders  of  subzones  B-I-a 
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Pig.  143.  Comparison  chart  of  tectonics  and  positions  of  earthquake  foci  for  the  1955-1956 
period  in  the  Sana  district  (see  Fig.  128,  Chapter  8,  and  Fig.  142  of  this  chapter),  l)  Es¬ 
tablished;  2)  assumed  tectonic  discontinuities. 


and  B-I-b  and  subzones  B-I-b  and  B-I-c. 

Tectonic  faults  are  frequently,  although  not  necessarily,  found 
at  the  surface  in  areas  of  epicentral  concentration.  Thus,  it  has  so 
far  not  been  possible  to  find  faults  along  the  ridge  or  in  the  upper 
section  of  the  southern  slope  of  the  Peter  I  range  about  the  boundary 
of  the  regions  A  and  B,  although  in  this  area  the  seismicity  of  the 
boundary  between  regions  A  and  B  is  at  a  maximum.  From  the  purely 
geological  viewpoint,  it  turns  out  that  to  the  northwest  and  northeast 
of  the  Peter  I  range,  many  tectonic  faults  may  be  seen  along  this 
boundary,  but  the  seismicity  of  such  areas  is  substantially  less  than 
that  on  the  section  of  border  where  no  faults  are  observed  on  the  sur¬ 
face. 

On  the  one  hand,  earthquakes  frequently  appear  where  it  has 
been  established  that  there  are  no  faults  near  the  Earth’s  surface. 

On  the  other  hand,  within  the  Qarm  district  (and  especially 
around  it)  there  are  many  major  tectonic  faults,  with  which  not  a 
single  severe  earthquake  is  known  to  have  been  associated  over  the 
past  60  years,  despite  the  fact  that  displacements  along  these  faults 
occurred  during  the  Mesozoic  and  Cenozolc  eras. 

Thus,  a  comparison  of  seismicity  solely  with  the  arrangement  of 
borders  of  major  structural  elements  in  the  Earth's  crust  having  tec¬ 
tonic  faults  emerging  at  the  surface  proves  to  be  inadequate.  A  merely 
qualitative  comparison  of  seismicity  and  tectonic  structure  cannot 
yield  unique  conclusions. 

54.  COMPARISON  OF  SEISMICITY  OF  QARM  DISTRICT  WITH  VELOCITY  GRADIENTS 
OF  TECTONIC  MOVEMENTS 

In  connection  with  the  demonstrated  insufficiency  of  direct  qual¬ 
itative  seismic  and  tectonic  comparisons,  an  attempt  was  made  to  com¬ 
pare  the  seismicity  of  the  Garm  district,  in  terms  of  a  quantitative 


index  (seismic  activity)  with  a  quantitative  tectonic  characteristic 
(the  mean  velocity  gradient  for  vertical  tectonic  movements).  Here  it 
is  Important  to  note  that  there  are  several  factors  that  may  have  a 
substantial  effect  upon  the  quantitative  relationship  between  the 
seismicity  and  the  mean  velocity  gradient.  These  factors  Include  the 
mechanical  properties  of  the  material  in  the  focal  region,  the  history 
of  the  tectonic  movements  and  the  present-day  types  of  strains  in  the 
Earth's  crust. 


Determination  of  velocity  gradients  for  vertical  tectonic  movements 

We  define  the  velocity  gradient  or  vertical  tectonic  movements  of 
the  Earth's  crust  as  the  mean  value  for  a  time  interval  of  from  75  to 
300,000  years,  and  as  the  mean  value  of  segments  1 ^  g,  of  from  2  to 
5  km  long,  between  two  points  (l  and  2)  on  the  Earth's  surface.  For 
this  calculation,  we  make  use  of  thickness  data  on  deposits  of  the 
same  age  and  on  the  depth  of  deposition  of  a  lower  Quaternary  erosion 
surface  (Fig.  144).  The  mean  velocity  gradient  V  for  vertical  tectonic 
movements  was  computed  as  the  difference  of  the  present  heights  h^-hg 
(for  thicknesses),  determined  between  two  points  separated  by  Jlj  g  in 
the  direction  of  the  greatest  height  (or  thickness)  variation,  and  ad¬ 
justed  to  the  distance  1^  2  and  the  time  t  (Fig.  144b). 


|  gradKJ : 


In  addition,  this  same  quantity  was  calculated  from  data  on  the 
present  slope  angle  a  for  residual  mountains  of  the  same  erosion  sur¬ 


face  (Fig.  144c). 


IgnwlKU-iii. 


For  many  sites  at  which  the  erosion  surface  has  already  worn  down,  it 
is  only  possible  to  indicate  the  lower  limit  of  the  mean  gradient.  The 
sign  of  the  mean  velocity  gradient  is  always  taken  in  accordance  with 
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the  diagram  of  Pig.  144.  A  more  detailed  exposition  of  methods  for  de¬ 
termining  movements  has  been  published  [271]. 


Pig.  144.  Various  methods  for  determining  mean 
velocity  gradients  of  tectonic  movements,  a) 

From  stratiographlc  section;  b)  from  erosion 
surface;  c)  from  deformation  of  erosion  surface; 
d)  from  height  index  marks. 

The  extent  of  the  Quaternary  movements  was  determined  in  accord¬ 
ance  with  modern  ideas  [262,  263].  It  was  assumed  that  the  Wuerm  gla¬ 
ciation  ended  10,000  years  ago  and  began  110,000  years  ago,  that  the 
Riss  glaciation  ended  170,000  years  ago  and  began  230,000  years  ago, 
that  the  Mindel  glaciation  ended  370,000  years  ago  and  commenced 
470,000  years  ago,  and  that  the  Quaternary  period  commenced  600,000 
years  ago. 

In  accordance  with  geological  data  [216],  it  is  necessary  to  as¬ 
sume  that  the  lower  Quaternary  erosion  surface  was  maintained  in  the 
Garm  district  over  only  the  first  half  of  the  Quaternary  period.  At  the 
start  of  the  Wuerm  glaciation,  as  a  result  of  deformation  of  the 
Earth’s  crust  and  processes  of  denudation,  the  relief  was  already 
mountainous,  while  the  lower  erosion  surface  was  cut  by  deep  valleys. 
Thus,  It  Is  most  likely  that  the  deformations  distorting  the  shape  of 
what  was  Initially  a  nearly  horizontal  erosion  plane  lasted  about 
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300,000  years,  and  in  any  case,  for  not  over  600,000  years,  covering 
the  entire  Quaternary  period.  Since  the  true  magnitude  of  t  is  not 
known,  for  the  purposes  of  the  calculations  we  assumed  that  t  equaled 
the  upper  limit  -  600,000  years.  Thus,  the  gradient  values  obtained 
over  the  entire  district  will  be  too  low  by  precisely  the  same  factor, 
probably  amounting  to  2  -  3  ill  comparison  with  the  true  value.  The  re¬ 
sults  of  calculations  of  the  mean  velocity  gradient  for  various  sec¬ 
tions  of  the  Garm  district,  carried  out  on  the  basis  of  materials  from 
stratographic  and  structural  sections  (Pigs.  119,  120,  121,  Chapter 
8),  are  shown  in  Figs.  145,  146,  147,  and  148. 

For  the  Mesozoic  Era  and  the  Tertiary  Period,  variation  in  the 
thicknesses  of  Mesozoic  and  Tertiary  deposits  within  the  Oarm  district 
make  it  possible  to  distinguish  two  main  strips  having  a  maximum  mean 
gradient,  which  probably  reached  10  or  10“*  l/year  (Figs.  145  and 
146). 

One  of  these  strips  -  the  Petrovskaya  strip  -  corresponds  to  the 
Northwest  boundary  of  the  Pamir  foothills  trough  (the  boundary  of  re¬ 
gions  A  and  B),  and  the  other  —  the  Karakul'  strip  —  to  the  Southeast 
boundary  of  this  trough  (the  boundary  of  the  A-I  and  A-II  zones).  By 
the  end  of  the  Neogene  Period,  a  third  strip  -  the  Surkhob  strip  —  with 
a  large  mean  velocity  gradient  had  appeared  on  the  site  of  the  modern 
Surkhob  River  valley  (Fig.  146). 

The  mean  gradient  of  movement  velocity  can  be  determined  with  con¬ 
siderably  greater  reliability  for  the  Quaternary  Period  than  for  the 
Mesozoic  Era  or  the  Tertiary  Period.  For  the  Quaternary  Period,  the 
gradient  proved  greatest  in  the  same  three  main  strips:  the  Surkhob  to 
the  North,  the  Petrovskaya  in  the  middle,  and  the  Karakul  to  the  South 
of  the  district.  The  gradient  within  these  strips  was  found  from  the 
present-day  hypsographic  map  compiled  by  Ye.  Ya.  Rantsman,  for  the 
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Fig.  145.  Diagram  showing  variation  In  mean  velo¬ 
city  gradient  for  vertical  tectonic  movements.  The 
strips  of  maximum  mean  values  of  (grad  Vl  In 
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units  of  10"'  are:  1)  for  the  Mesozoic  Era  and  the 
Tertiary  Period  (0. 01  -  0. 2) ;  for  the  Quaternary 
Period:  2)  0.9-  l.lj  3)  1.2-  3.0:  4)  3.0;  5)  sec¬ 
ondary  stripe  of  high  gradients;  6)  magnitude  es¬ 
tablished  approximately;  7)  lower  limit  of  gradient 
values  not  amenable  to  more  accurate  determination; 

8)  approximate  value  of  gradient  for  Mesozoic  Era 
and  Tertiary  Period;  9)  high -gradient  strip  along 
boundary  of  tectonic  zones  A-I  and  A-II;  10)  high- 
gradient  strip  along  boundary  of  tectonic  regions 
A  and  B;  11)  high -gradient  strip  along  boundary  of 
tectonic  subzones  B-IB  and  B-IC.  a)  Novabad;  b| 

Sorbog;  c)  Surkhob;  d)  Oarm;  e)  Tovil’-Dora;  f) 

Obikhingou;  g)  Yarkhlch;  h)  Tadzhlkabad;  i)  Dzhlr- 
gatal';  J)  Kyzylsu;  k)  Muksu;  1)  Sangvor. 

lower  Quaternary  erosion  surface.  Figure  145  shows  within  the  main 
strips,  sections  having  mean  velocity  gradients  ranging  from  0.9*10"7 
to  1. 1«  10"7  l/year;  from  1. 2*  10  "7  to  3. 0*  10"7  l/year;  and  greater  than 
3.0*10"7  l/year.  The  mean  velocity  gradient  for  tectonic  movements  may 
be  determined  to  within  an  order  of  magnitude,  and  thus  a  more  de¬ 
tailed  estimate,  strictly  speaking,  is  not  Justified,  and  should  be 
made  only  to  find  the  tendency  in  the  gradient  variation.  It  is  clear 
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Pig.  146.  Diagram  showing  variation 
in  seismic  activity  A^  along  line  I- 

I  (Pig.  121)  in  eastern  section  of 
Oann  region,  in  comparison  with  va¬ 
riation  in  velocity  gradients  for 
tectonic  movements,  a)  Triassic  and 
Jurassic;  b)  lower  Cretaceous;  c) 
upper  Cretaceous;  d)  lower  and  mid¬ 
dle  Paleogene;  e)  upper  Paleogene 
and  Neogene;  f)  Quaternary  Period; 
g)  million  years. 


from  these  data  that  in  the  main  strips,  the  mean  velocity  gradient 
for  the  Quaternary  movements  turns  out  to  be  greater  by  an  order  of 
magnitude  than  the  mean  velocity  gradient  for  the  Mesozoic  Era  or  the 
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Tertiary  Period.  It  is  very  important  to  note  that  in  the  Petrovskaya 
strip,  in  contrast  to  the  two  other  main  strips,  the  sign  of  the  veloc 
city  gradient  for  the  Quaternary  movements  is  the  opposite  of  the  sign 
for  the  Mesozoic  and  Tertiary  movements  (Pig.  148).  We  must  note  that 


western  section  of  Garm  region,  as  compared 
with  variation  in  velocity  gradients  for  tec¬ 
tonic  movements  (a-f,  see  Fig.  146). 


in  the  eastern  half  of  the  district,  in  an  area  containing  a  strip  of 
high  gradients  for  movements  occurring  prior  to  the  Quaternary,  it  is 
not  possible  to  make  such  a  statement  for  the  Quaternary  movements. 
The  high  gradients  for  Quaternary  movements  in  this  case  occur  some¬ 
what  to  the  North,  in  the  brand  new  Karashurinskaya  strip  (Figs.  145 
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and  146). 

In  addition  to  the  main  strips ,  we  can  see  several  secondary 
strips  which  are  isolated  by  their  development  of  maximum  slope  angles 
In  the  Neogene  deposits,  the  presence  of  major  flexures,  sharp  folds, 
and  tectonic  faults  with  steep  dips.  It  is  still  not  possible  to  find 


Fig.  148.  Graphs  showing  variation  in  ve¬ 
locity  gradient  for  tectonic  movements  in 
strips.  A-l/A-II;  A/B;  B-I-B/B-I-c  during 
the  Mesozoic  and  Cenozoic  Eras.  I)  In 
eastern  portion  of  Oarm  region  and  II)  in 
western  portion  of  Oarm  district.  Labels: 
gradient:  1)  in  zone  A-l/A-II:  2)  in  zone 
A/B;  3)  In  zone  B-I-b/B-I-cj  4)  line  in¬ 
dicating  transition  to  different  scale. 

the  mean  velocity  gradient  for  Quaternary  movements  within  them. 


In  the  areas  between  the  main  and  secondary  strips.  It  is  possl- 

Q 

ble  in  many  places  to  note  that  the  gradient  reaches  10  1/year. 
Comparison  of  mean  tectonic -movement  velocity  gradient  for  the  Qua¬ 
ternary  Period  with  the  present-day  seismic  activity  of  the  Oarm  dis¬ 
trict 

TABLE  22 

Comparison  of  Seismic  Activity  with 
Mean  Velocity  Gradient-  for  Tectonic 
Movements 
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1 

1)  Strip;  2)  magnitude  of  A^;  3)  mean 

value  of  | grad  V|m;  4)  absolute;  5) 

relative;  6)  Petrovskaya;  7)  Surkhob; 

8)  Karakul'. 

Since  the  main  bands  having  the  maximum  mean  velocity  gradient 
for  Quaternary  movements  coincide  in  their  boundaries  with  tectonic 
regions,  zones,  and  subzones  about  which  earthquake  epicenters  concen¬ 
trate,  it  turns  out  that  strips  having  maximum  mean  gradient  values 
and  strips  of  epicenter  concentration  coincide.  Thus,  at  first  glance, 
it  appears  to  make  no  difference  whether  we  use  strips  of  high  gradi¬ 
ent  values,  or  the  boundaries  of  tectonic  zones  for  the  purposes  of  a 
comparison  with  the  seismicity.  As  a  matter  of  fact,  this  is  not  the 
case.  So  far,  the  boundaries  of  the  tectonic  zones  have  not  been  char¬ 
acterized  quantitatively,  and  thus  we  have  no  index  that  may  be  com¬ 
pared  with  the  quantitative  characteristic  of  seismicity.  The  mean 
gradient  is  precisely  such  a  quantitative  characteristic  of  the  tec¬ 
tonic  movements  on  the  boundary  between  two  tectonic  zones,  and  there- 


fore  a  consideration  of  the  mean  velocity  gradient  seems  to  us  to  be  a 
further  development  of  those  principles  which  have  been  used  previously 
in  analyzing  the  relationships  between  tectonics  and  the  seismicity  of 
Central  Asia  [238,  264-267].  The  introduction  of  the  mean  velocity 
gradient  into  the  discussion  represents  an  attempt  at  an  approximate 
quantitative  comparison  of  seismicity  with  tectonics. 

We  make  use  of  the  seismic -activity  map  given  in  Fig.  141.  In  the 
first  stage  of  th#  discussion,  it  is  possible  to  assume  for  practical 
purposes  that  the  slope  angles  of  all  of  the  recurrence  curves  are 
identical,  and  thus  that  the  difference  in  the  seismic  activity  Ay  of 
the  main  strips  is  reflected  solely  in  the  level  of  the  recurrence 
curves.  In  order  of  decreasing  activity,  the  main  strips  are  arranged 
in  the  following  sequence:  Petrovskaya  (Ay  *  14),  Surkhob  (Ay  »  10), 
Karakul' (Ay  «  3).  If  we  take  the  data  for  the  Karakul'  strip  at  unity, 
then  the  relative  activity  for  the  Petrovskaya  strip  will  be  4.  7,  and 
for  the  Surkhob  strip,  3.3.  These  relative -activity  values  agree  with 
the  values  obtained  for  the  same  zones  of  the  relative  mean  movement - 
velocity  gradient  for  the  Quaternary  period.  On  the  basis  of  the  avail¬ 
able  data  (Fig.  143),  for  each  of  the  three  main  strips,  it  is  possible 
to  take  the  following  approximate  values  for  the  mean  velocity  gradi¬ 
ent,  In  unit 8  of  IQ’7  l/year:  Petrovskaya  strip  -  about  5.5 ;  Surkhob 
strip  —  about  3.5;  Karakul'  strip  -  about  1. 5-  Taking  the  data  for  the 
Karakul'  strip  as  unity,  we  obtain  the  following  relative  values  for 
the  mean  gradient:  Petrovskaya  strip,  3.7;  Surkhob  strip,  2.3  (Table 
22). 

The  increase  in  seismic  activity  with  increasing  mean  veloeity 
gradient  is  quite  well-defined. 

As  we  have  said  previously  (Chapter  8),  variations  in  the  heights 
of  river  terraces  indicate  that  after  the  Wuerm  glaciation,  1.  e. ,  dur- 
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lng  the  last  10,000  years,  the  plan  of  the  tectonic  movements  re¬ 
mained  the  same,  in  general,  as  before.  .Consequently,  the  tectonic 
data  obtained  upon  analyzing  movements  in  the  Earth's  crust  over  an 
interval  of  about  300,000  years,  and  about  10,000  years,  turn  out  to 
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Pig.  149.  Map  comparing  mean  velocity  gradient  for 
vertical  tectonic  movements  with  seismic  activity 
(1955-1956.)  in  Oarm  district.  1-11)  See  Fig.  143; 
12)  8 eismic -activity  isollnes;  13)  epicenter  of 
K  -  11  earthquakes;  14)  K  -  12;  15)  K  -  13;  16) 
seismic  stations. 


correspond  with  seismic  data  obtained  from  observations  made  over  a 
two-year  period. 

In  the  spaces  between  the  main  strips  that  have  the  maximum  veloc¬ 
ity  gradients  for  the  Quaternary  tectonic  movements  of  the  Earth's 
crust,  in  the  secondary  strips,  many  sections  are  characterised  by  in¬ 
creased  selsaio  activity,  although,  on  the  whole,  the  activity  is  lower 


here  than  In  the  main  strips. 

So  far,  we  have  used  only  the  general  characteristics  of  seis¬ 
micity  for  major  strips  as  a  whole  in  our  comparison  with  the  tecton¬ 
ics.  It  is  very  fruitful  to  compare  details  of  seismicity  and  tecton¬ 
ics  within  each  of  the  strips.  Such  a  comparison  may  be  carried  out 
most  clearly  in  accordance  with  a  seismic -activity  map  (Pig.  149).  In 
examining  any  strip,  we  may  assume  that  the  mechanism  of  crustal  de¬ 
formation  and  the  composition  of  the  component  rocks  remain  constant, 
in  first  approximation,  over  the  entire  strip;  thus,  variations  in  the 
mean  velocity  gradient  must  here  agree  well  with  variations  in  the 
seismic  activity. 

In  the  lower  Karakul'  strip,  there  is  a  decrease  in  the  velocity 
gradient  of  Quaternary  movements  along  the  strip  from  the  Southwest  to 
the  Northeast  from  1.9*10“'  to  a  magnitude  of  the  order  of  10  l/year. 
In  the  center  of  the  district,  the  younger  Karashurinskaya  strip 
branches  off  from  the  Karakul'  strip;  the  two  strips  run  along  together 
further  on;  in  the  eastern  part  of  the  district,  the  gradient  in  the  • 
Karashurinskaya  strip  reaches  5. 7* 10“^  l/year.  The  spatial  distribution 
of  the  seismic  activity  Ay,  in  general,  agrees  with  the  distribution  of 
the  mean  movement  velocity  gradient.  Within  the  Karakul'  strip,  the 
magnitude  of  Ay  drops  from  the  Southwest  to  the  Northeast  from  40  to  5. 
At  the  point  at  which  the  Karashurinskaya  strip  branches  off  from  the 
Karakul'  strip,  the  activity  increases  to  30.  It  becomes  still  greater 
(up  to  40)  to  the  East,  in  the  Muksu  River  basin,  where  the  movement 
velocity  gradient  is  extremely  large  in  the  Karashurinskaya  strip  (Pig. 
149). 

In  the  lower  Petrovskaya  strip,  the  gradient  has  its  maximum  val¬ 
ue  at  the  center  of  the  dlstrlet,  where  it  reaches  7.9*10“^  l/year. 
Toward  the  western  and  eastern  borders  of  the  districts,  the  gradient 


drops  to  3.5  and  even  to  0.9*10"^  l/year,  especially  toward  the  East. 
The  seismic  activity  Ay,  which  reaches  60  and  80  at  the  center  of  the 
district,  drops  to  10  and  even  5  toward  its  borders. 

In  the  young  Surkhob  strip,  the  maximum  gradient  again  occurs  at 
the  center  of  the  district,  where  it  is  more  than  4. 6*10"^.  Towards 
the  West,  the  gradient  drops  off  considerably.  A  large  drop  in  the 
gradient,  to  3*5*10”^*  and  then  to  2.5*10“^  occurs  in  the  eastern  half 
of  the  district.  The  seismic  activity  Ay  is  also  at  a  maximum  at  the 
center  of  the  district  (to  30  -  60),  and  in  like  manner,  the  gradient 
drops  off  to  the  East.  Toward  the  West,  however,  away  from  the  center 
of  the  district,  the  drop  in  seismic  activity  is  far  sharper  than  the 
drop  in  the  velocity  gradient.  Here,  there  is  a  certain  discrepancy 
between  the  extremely  large  gradient  (4.0  10“^  l/year)  and  the  excep¬ 
tionally  low  activity,  equal  to  1  or  less,  between  Oarm  and  Novabad. 
This  exception  to  the  general  rule  is  probably  caused  by  the  nonuni¬ 
form  nature  of  the  tectonic  movements  and  of  the  Beismlcity  with  re¬ 
spect  to  time.  In  evaluating  the  earthquake  danger  in  the  given  sec¬ 
tion,  the  fact  that  it  is  adjacent  to  the  Surkhob  strip  should  be  con¬ 
sidered  a  more  important  factor  than  the  low  seismic  activity  which 
probably  reflects  a  brief  fluctuation  in  this  quantity. 

It  should  be  emphasized,  in  general,  that  Fig.  147  shows  clearly 
the  nonuniform  distribution  in  epicenter  density  within  each  strip. 

Hie  geographical  position  of  the  separate  small  epicenter  concentra¬ 
tions  within  each  of  the  strips  can  hardly  be  assumed  to  remain  stable 
over  *  period  of  several  centuries;  In  any  event,  there  is  no  basis 
for  making  such  a  statement,  in  view  of  this  fact,  a  comparison  of  the 
mean  velocity  gradient  with  the  seismic  activity  is  best  carried  out 
by  supraposlng  the  corresponding  maps,  as  in  Fig.  149.  A  comparison  of 
f^roflles,  as  in  Figs.  145  and  146,  may  distort  the  quantitative  rela- 


tionshlps ,  which  will  be  arbitrary  owing  to  the  great  nonuniformity  in 
the  values  of  Ay  within  the  same  strip.  Thus,  for  example,  in  Pig.  145, 
the  greatest  maximum  for  Ay  turns  out  to  lie  near  the  boundary  of  the 
zones  A-I/A-II,  while  the  maximum  mean  velocity  gradient  for  Quaternary 
movements  in  this  section  is  shifted  toward  the  North. 

The  comparisons  made  above  deal  with  earthquake  recurrences  for 
6  8 

energies  of  from  10  to  10  Joules.  The  expedition  data  on  weak-earth- 
quake  recurrence  in  the  Garm  district  over  a  relatively  short  time  in¬ 
terval  (two  years)  and  the  data  compiled  by  V.  I.  Bune  [198]  on  strong 
earthquakes  over  a  long  time  interval  (fifty  years)  permits  us  to  sup¬ 
pose  that  the  linear  law  followed  by  weak-earthquake  recurrence  may  be 
extended  to  the  region  of  stronger  earthquakes.  At  present,  we  do  not 
have  sufficient  material  at  our  disposal  to  answer  the  following  two 
questions!  a)  how  to  determine  for  each  section  of  the  Earth's  crust 
the  upper  limit  of  earthquake  energy  beyond  which  the  recurrence  curve 
cannot  be  extrapolated;  b)  whether  in  all  cases  the  recurrence  curve 
will  retain  its  straight-line  shape  upon  extrapolation  to  the  high-en¬ 
ergy  region;  are  there  any  conditions  under  which  the  graph  will  curve 
so  as  to  approach  the  upper  energy  limit?  These  questions  are  extremely 
Important  in  evaluating  the  earthquake  hazard  of  any  territory. 
Seismicity -tectonics  comparison  for  districts  adjacent  to  the  Garm  dis¬ 
trict 

The  seismicity  of  districts  surrounding  the  Garm  district,  which 
have  been  studied  in  far  less  detail  from  the  seismic -geological  point 
of  view,  can  be  discussed  only  with  far  less  definiteness.  It  is  still 
possible  to  examine  this  question,  however,  since  many  data  on  the 
seismicity  have  been  published  [11,  198,  227,  268-270],  while  the  tee- 
tonic  semes  traversing  the  Garm  district  spread  out  beyond  its  borders, 
and  occupy  a-  considerable  portion  of  South  Central  Asia.  The  main 
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strips  having  a  high  mean  gradient  value  run  far  beyond  the  borders  of 
the  Oarm  district  (Pig.  1^2). 

The  lower  Karakul'  strip*  which  coincides  with  the  borders  of 
zones  A -I  and  A -II*  although  running  to  the  Southwest  from  the  Oarm 
district  toward  the  city  of  Kulyab,  Is  not  characterized  by  a  very 
great  mean  velocity  gradient  for  Quaternary  movements.  Somewhat  to  the 
Northwest  of  this  strip*  a  new  strip  may  be  noticed*  running  parallel 
through  Kulyab.  In  this  strip*  we  might  expect  some  Increase  in  the 
mean  velocity  gradient  for  Quaternary  movements.  On  the  Northwest*  the 
given  strip  borders  with  the  foothills  of  the  Darvazskiy  range*  which 
is  composed  of  Neogene  deposits.  The  existence  of  several  epicenters 
here  and  In  the  Karakul'  strip  confirms  the  possibility  of  Increased 
seismic  activity  In  these  strips.  The  new  strip  that  passes  near  Kul¬ 
yab  turns  out  to  be  especially  hazardous.  To  the  East  of  the  Garm  dis¬ 
trict*  the  Karakul'  strip  nuns  Into  the  Translayskly  range*  and  runs 
along  Its  southern  slope.  Here  we  cannot  reasonably  expect  any  consid¬ 
erable  mean  velocity  gradient  for  the  Quaternary  and  present-day  move¬ 
ments.  The  quite  weak  seismicity  of  the  southern  slope. of  the  Trans - 
alayskly  range  accords  with  this  notion.  The  Karashurlnskly  strip  runs 
along  the  northern  slope  of  this  same  range.  Here*  despite  the  fact 
that  the  strip  coincides  with  a  high  escarpment,  the  velocity  gradient 
for  late  Quaternary  movements  will  not,  apparently  be  very  large. 

The  high  escarpment  must  be  related  to  a  considerable  velocity  gradi¬ 
ent  for  Neogene  and  early  Quaternary  movements.  In  the  late  Quaternary 
there  occurred  the  basic  over-all  uplift  of  the  Transalayskly  range* 
together  with  the  Pamir*  Alayskaya  valley*  and  the  Alayskaya  range 
[238].  There  still  were  certain  differences  in  the  rate  of  uplift  In 
the  Alayskaya-valley  and  Transalayskly  -range  zones*  nonetheless.  These 
differences  created  a  specif io  veloolty  gradient*  which  could  be  the 


cause  for  the  tendency  of  earthquake  epicenters  to  concentrate  In  a 
strip  running  along  the  boundary  of  these  zones.  Earthquakes  are  more 
frequent  here  than  in  the  Gann  district. 


The  arbitrary  designations  in  the  seis¬ 
mic  section  are  the  Bame  as  for  Pig. 

142.  1)  Varzobj  2)  Stalinabad;  3)  Kafir- 
nigan;  4)  Vakhsh. 


The  Petrovskaya  strip,  which  corresponds  to  the  boundary  of  the 
regions  A  and  B,  runs  to  the  Southwest  from  the  Garm  district,  along 
the  Vakhsh  and  Surkh-ku  ranges.  On  the  section  from  Komsomolabad  to 
Obi -Garm,  the  mean  velocity  gradient  for  the  Quaternary  movements  is 
clearly  less  than  in  the  Garm  district,  or  than  in  the  more  south¬ 
westerly  section.  It  is  probably  no  accident  that  the  infrequent  earth¬ 
quakes  appearing  here  are  weaker  than  in  the  Garm  district,  or  in  the 
neighborhood  of  Paysabad.  To  the  Southwest  of  Fayzabad,  the  Petrovskaya 
strip  forms  two  branches.  The  first  branch  which,  tectonically  speak*. 


lrg,  is  strictly  similar  to  the  Petrovskaya  strip  in  the  Oam  district 
runs  to  the  South  toward  Tutlcaul '  and  Nurek.  After  crossing  the  Vakhsh 
River  valley,  it  pinches  off  rapidly.  Another  adjoining  strip  runs  to¬ 
ward  the  same  section  of  Tutkaul'  from  the  Vest;  here,  in  accordance 
with  presently  known  geological  data,  we  should  expect  a  cons iderabel 
velocity  gradient.  Intensive  strains  in  the  Earth's  crust  in  the  Tut- 
kaul*  section  compels  us  to  exercise  great  care  in  evaluating  the 
earthquake  hazard  here.  The  second  branch  of  the  Petrovskaya  strip, 
which,  for  convenience,  is  called  the  Ilyakaka  strip,  runs  due  Vest 
along  the  southern  slope  of  the  Glssar  valley,  along  the  boundary  of 
the  zones  B-I  and  B-II.  This  strip  is  in  many  ways  similar  to  the  Pe¬ 
trovskaya  strip.  The  velocity  gradient ( for  the  Quaternary  movements  in 
this  strip.  Judging  from  materials  furnished  by  H.K.  Grave,*  reaches 
10-7  i/year>  Thus,  it  should  be  no  surprise  that  the  earthquake  epi¬ 
centers  concentrate  in  this  strip  (Fig.  150).  To  the  East  of  the  Oam 
district  the  Petrovskaya  strip,  clearly,  runs  along  the  northern  slope 
of  the  Transalayskiy  range  where  it  possibly  borders  upon  or  runs  to¬ 
gether  with  the  Karashurlnskly  strip. 

To  the  Vest,  the  Surkhob  strip  continues  to  great  distances  from 
the  Oam  district,  judging  from  the  relief,  however,  the  mean  velocity 
gradient  for  Quaternary  tectonic  moveawmts  outside  of  the  Oam  dis¬ 
trict  in  this  strip  should  everywhere  be  small.  It  is  precisely  with 
this  fact  that  we  associate  the  lessened  seismicity  of  this  strip  to 
the  Vest  of  the  Gam  district  (Figs.  142  and  ISO).  To  the  East,  the 
Surkhob  strip  clearly  does  not  run  very  far. 

To  the  Vest  of  the  Gam  district,  in  the  vicinity  of  Stalinabad, 
there  is  still  another  strip  having  a  considerable  mean  velocity  grad¬ 
ient  for  the  Quaternary  movements  -  the  Karatagskaya  strip.  It  oovers 
the  steep  northern  slope  of  the  Glssar  valley,  coinciding  with  the 


boundary  of  the  subzones  B-I-b  and  B-I-c,  where  the  Paleozoic  rocks 
are  In  contact  with  the  Tertiary  rocks  along  faults  (Pigs.  142  and 
li,0).  In  the  Karatagskaya  strip,  there  is  a  clear  concentration  of 
weak -earthquake  epicenters.  Here,  in  1907,  the  severe  Karatagskaya 
earthquake  occurred,  which  had  an  energy  of  the  order  of  10^  — 

1017  Joules  (M  £  7. 5) ,  and  the  Fayzabad  earthquakes  of  1930  and  1943. 

Thus,  the  city  of  Stallnabad  turns  out  to  be  located  between  two 
strips  having  a  considerable  velocity  gradient  for  the  Quaternary 
movements  -  Ilyakska  and  Karatagskaya  strips.  Both  of  these  strips 
present  considerable  earthquake  hazard.  Judging  from  the  changes  in 
the  height  of  the  terrace  of  the  Kafirnigan  and  its  right-bank  tribu¬ 
taries,*  the  mean  velocity  gradient  for  the  Quaternary  and  the  Holo¬ 
cene  movements  may  reach  10 ~7  l/year  in  the  Karatagskaya  strip.  If  this 
is  so,  then  this  strip  is  probably  extremely  hazardous.  In  addition,  in 
the  neighborhood  of  Stallnabad,  there  are  several  secondary  strips  hav¬ 
ing  an  increased  velocity  gradient.  We  can  determine  this  from  the  re¬ 
sults  of  the  geomorphological  investigations  of  N. P.  Kostenko  and  M.  K. 
Grave,  as  well  as  from  numerous  materials  obtained  by  geologists  in 
Tadzhikistan.  One  of  the  secondary  strips  can  be  seen  to  lie  within  the 
Oissar  valley.  It  runs  toward  the  city  from  the  East,  and  is  quite 
broad.  Another,  North -South  strip  runs  down  from  the  North.  There  is  a 
group  of  secondary  strips  to  the  North  and  to  the  South  of  the  Gissar 
valley.  These  strips  coincide  with  the  boundaries  of  the  individual 
subzones  and  blocks.  The  epicenters  of  weak  earthquakes  fall  within 
these  strips  (Pig.  150).  The  large  number  of  epicenters  for  earthquakes 
of  various  energies  that  are  scattered  about  Stallnabad  forces  us  to 
consider  the  entire  surrounding  district  to  be  selsmically  active.  The 
differentiation  of  this  district  should  consist  in  the  isolation  of 
seotions  differing  in  energy  end  in  earthquake  recurrence  with  tins. 
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The  Qarm  district,  for  example,  shows  the  direction  that  the  investi¬ 
gations  may  take  if  they  are  to  achieve  this  goal. 

CONCLUSION 

The  results  of  the  development  of  a  method  for  the  detailed  study 
of  seismicity,  obtained  upon  the  basis  of  investigations  in  the  Gam*, 
and  Stalinabad  districts,  which  are  presented  in  the  present  monograph, 
represent  only  the  first  results  of  the  work  of  the  Tadzhikistan  Com¬ 
bined  Seismological  Expedition  of  the  Institute  of  Physics  of  the  Earth 
of  the  Academy  of  Sciences  USSR  and  the  Institute  of  Seismicity  of  the 
Academy  of  Sciences  of  the  Tadzhikistan  SSR.  The  work  of  this  expedi¬ 
tion  will  continue.  The  main  goals,  as  before,  are:  the  improvement  of 
methods  for  detailed  seismic  districting  and  the  discovery  of  methods 
for  predicting  severe  earthquakes,  based  upon  the  study  of  general 
seismic  laws,  and  of  the  conditions  and  causes  for  the  occurrence  of 
earthquakes. 

Despite  the  Incomplete  nature  of  the  investigations  described 
above  and  the  tentative  nature  of  the  results  obtained,  they  may  be  of 
interest,  or  so  it  seems  to  us,  for  those  seismologists  who  are  at¬ 
tempting  to  perfect  methodology,  to  increase  the  role  of  detailed  in¬ 
strumental  observations,  and  to  Improve  quantitative  methods  of  proc¬ 
essing  and  interpreting  the  material.  There  is  no  doubt  that  this  gen¬ 
eral  trend  lies  in  the  mainstream  of  development  of  modem  seismology 
and  its  practical  applications. 

It  seems  to  us  that  the  methods  outlined  here  for  the  quantita¬ 
tive  determination  of  seismic  activity,  based  chiefly  upon  Instrumental 
observations  of  earthquakes  over  a  broad  range  of  energies,  and  supple¬ 
mented  by  quantitative  methods  of  studying  tectonic  movements ,  as  well 
as  maeroselsmlo  and  other  data,  form  the  basis  for  the  contemporary 
better,  more  objective,  more  detailed,  more  accurate,  and  faster  me- 


thods  of  seismic  districting. 

While  this  monograph  was  being  prepared  for  press,  a  first,  al¬ 
beit  perhaps  far  from  perfect,  attempt  was  made  in  one  of  the  districts 
of  the  Soviet  Union  at  detailed  districting,  making  use  of  the  princi¬ 
ples  discussed  [271].  There  is  no  doubt  that  other  work  in  this  direc¬ 
tion  will  follow,  carried  out  by  various  organizations,  since  a  press¬ 
ing  need  for  completing  work  on  detailed  districting  is  felt  in  many 
•  districts  of  our  country,  as  well  as  abroad.  It  is  clearly  undesirable 
in  the  majority  of  cases,  if  not  in  all  cases,  to  carry  out  such  work 
by  the  older,  predominantly  microseismlc  methods. 

The  development  of  detailed  seismic  investigations,  in  connection 
with  problems  of  detailing  seismic  districting  in  separate  localities, 
will  unquestionably  act  to  add  to  our  knowledge  of  the  general  laws 
governing  seismic  processes,  without  which  success  is  impossible  in 
this  matter.  The  irregular  carrying  out  of  such  work,  however,  cannot 
replace  long-term  systematic  investigations  under  especially  selected 
conditions  favorable  to  such  investigations. 

The  continuation  of  fixed  long-term  detailed  seismic  observations 
is  primarily  necessary  in  order  to  clarify  the  as  yet  very  little  in¬ 
vestigated  problems  on  the  maximum  earthquake  energy  possible  under 
given  conditions,  and  of  possible  variations  in  seismic  regimes  with 
time. 

It  is  necessary  to  broaden  and  perfect  observations  made  by  geo¬ 
logical,  geodesic,  or  other  methods  of  present-day  or  past  (covering 
various  time  Intervals)  deformations  of  the  Earth's  crust  in  order  to 
obtain,  basically,  the  quantitative  data  to  be  compared  with  quantita¬ 
tive  seismicity  data.  In  particular,  we  must  expect  from  geological 
methods,  ewer  better -founded  materials  permitting  Judgments  as  to 
long-term  processes,  that  can  fora  a  basis  for  Judging  the  possible 
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appearance  of  severe  earthquakes  In  localities  In  which  the  recent 
seismicity  has  been  weak*  and  for  which  the  information  available  to 
seismologists  as  to  the  past  seismicity  level  Is  Inadequate  to  permit 
definite  conclusions. 

In  addition*  it  is  necessary*  naturally*  that  investigations  be 
carried  out  in  several  neighboring  regions*  and  into  many  special 
questions  (improvement  of  methods  for  the  detailed  study  of  the  struc¬ 
ture  of  the  Earth's  core*  making  use  of  explosives  and  earthquakes* 
study  of  seismic -oscillation  spectra*  improvement  of  methods  for  using 
the  focal  activity  of  earthquakes  to  arrive  at  the  shocks  on  the 
ground  surface  in  order  to  determine  the  degree  of  earthquake  hazard* 
etc.).  A  successful  solution  of  all  of  these  problems  (of  either  gen¬ 
eral  or  special  nature)  is  impossible  without  the  Improvement  of  ap¬ 
paratus  (and  in  particular*  telemetering  and  automatic  equipment)  for 
earthquake  observations*  and  for  the  Instrumental  processing  of  ma¬ 
terials*  or  without  the  development  of  a  theory  and  of  laboratory  ex¬ 
periments. 

In  our  time*  all  of  the  Increasing  successes  of  socialist  science- 
and  technology  should  systematically  and  rapidly  be  mastered  by  Soviet 
seismology*  which  is  continuously  improving;  these  advances  should  be 
adapted  creatively*  and  should  include  all  of  the  best  modern  facili¬ 
ties  and  methods.  This  is  the  only  way  in  which  Soviet  seismology  can 
cope  with  all  of  the  problems  facing  it*  problems  of  great  scientific 
and  practical  importance. 

[Footnotes] 

M.K.  Grave.  Rel'yef  i  noveyshaya  tektonlka  tsentral'noy 
chasti  Oissarskoy  doliny  1  eye  gomogo  obremlenlya.  Rukopla'* 
fondy  IFZAN  [Relief  and  Latest  Teetonles  of  Central  Portion 
of  the  Qlssar  Valley  and  Its  Mountainous  Setting.  Manuscript 
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